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FORENORD 
This document cons t i tu tes  the  f i n a l  r epor t  fo r  t he  work under Contract 
numbers NASW-1301 and NASI-2013. The NASA contract  monitor  for  this  program 
was James J. Gangler of NASA/OART Washington Headquarters. 
James F. Bacon was program manager. Other UARL personnel  par t ic ipated as 
follows. D r .  Robert B. Graf carr ied out  the crystal  growth measurements  and 
research mentioned i n  t h e  e a r l i e r  s e c t i o n  o f  t h i s  r e p o r t .  D r .  George  Layden 
in i t i a t ed  the  s t r eng th  inves t iga t ions  and w a s  responsible  for  most of  the 
s t rength instrumentat ion and data mentioned i n  t h i s  r e p o r t .  Drs. Daniel Scola,  
Roscoe Pike, and Mr. Richard Novak have prepared and evaluated the composites 
of UARL g las s   f i be r   w i th   t he   r e s ins   desc r ibed   i n   t he   r epor t .  
Mr. Kenneth Fowler of Panametrics, Inc., a divis ion of  Ester l ine Corpora- 
t i on ,  ca r r i ed  ou t  t he  dynamic modulus f i b e r  measurements and Panametrics 
furnished us  permission to  use Figs .  63, 64, and 65. D r .  David H. P f i s t e r ,  
Technical Director, Testing Division, Lowell Institute of Technology, carried 
out  the many s t a t i c  f i b e r  modulus  measurements.  Messrs. A. W. LEiDue and 
Leo E. S tad ler  of the Hartford Divis ion of  the Emhart Corporation made many 






The research contracts  on the  k ine t i c s  of c m s t a l l i z a t i o n  of molten binary 
and ternary oxide systems have concentrated on those  sys tems l ike ly  to  f o r m  
complex three-dimensional  crystal  s t ructures  and which, i n  add i t ion ,  have higher 
than usual values of e l a s t i c  moduli. Ten such systems studied include cordierite- 
beryl-rare earth oxide systems, cordierite systems with calcia substi tuted for 
magnesia ,  cordier i tes  in  which c a l c i a  is  s u b s t i t u t e d  f o r  alumina, f luoborate  
opt ica l  g lass  sys tems,  Morey's glasses from acid forming elements, calcia-alumina 
glasses  of the type pioneered by the Nat ional  Bureau of Standards and further 
developed by t h e  Bausch and Lomb Optical  Company, ca lc ia -y t t r ia  g lasses ,  ca lc ia -  
alumina-sil icate glasses , "invert" analog glass systems , and two-phase systems 
with control lable  microstructure .  A t o t a l  of 466 glasses  were formed from 
these ten systems. 
The glasses melted were character ized as f u l l y  as possible .  For t h i s  pur- 
pose density of t he  g l a s s ,  v i scos i ty ,  i n  some cases i t s  e l ec t r i ca l  conduc t iv i ty ,  
f i b e r i z a b i l i t y ,  Young's modulus, s t rength,  es t imated l iquidus &d working range, 
and i ts  r a t e  of nucleation and of c r y s t a l  growth as determined optically were 
all employed at one time or another. To make such character izat ion s tudies  
possible  a microfurnace was designed t o  permit microscopic observations of 
c rys t a l s  growing i n  molten oxides; an enlarged platform furnace usable in air 
at temperatures up t o  1800°C was constructed which, when used in  conjunct ion 
with a 20 cm3 platinum crucible with properly shaped nozzle, made poss ib l e   t he  
production of mechanically dralm glass fibers; equipment for continuously moni- 
t o r ing  the  e l ec t r i ca l  conduc t iv i ty  of molten oxide systems was devised and used 
t o  s t u d y  t h e  c r y s t a l l i z a t i o n  k i n e t i c s  of molten oxide systems, a sonic apparatus 
f o r  measuring Young's modulus of bulk samples was  developed, and a t e s t e r  and 
t e s t  system fo r  t he  eva lua t ion  of the  s t rength  of pr i s t ine  g lass  f ibers - ;was  
developed. Since the measured value of Young's modulus proved t o  be very nearly 
independent of forming conditions , processing.  variables and small inclusions 
such moduli measurements were used as the   p r inc ipa l  method of evaluating new 
glass compositions. Such  measurements  were great ly  expedi ted and markedly 
lovered  in  cos t  by es tab l i sh ing  a procedure i n  which samples s u i t a b l e   f o r  
modulus measurements could be e a s i l y  formed by drawing the molten oxide mixture 
in to   fu sed   s i l i ca   t ubes   u s ing  a hypodermic syr inge to  supply control led suct ion.  
Character izat ion s tudies  of these types yielded an unexpected dividend 
when it vas discovered that rare-earth oxides markedly decreased the rate of 
c r y s t a l l i z a t i o n  of molten oxide systems belonging t o   t h e  alumina-magnes.ia- 
s i l i c a   f i e l d  and made the   l a rges t   cont r ibu t ion   per  mol p e r c e n t   t o  Young's 
modulus of any of the types of oxides studied. The work on the  cord ier i te -  
rare earth oxide-beryl systems was fu r the r  s impl i f i ed  when it was found possible 
t o   c a l c u l a t e  Young's modulus for such systems from a knowledge of t h e i r  .compo- 
s i t i o n  i n  mol percent by t h e  methods of C. J. Ph5llips (Ref. 1) and t h e  
additional experimental  data of UARL. Characterization procedures also furnished 
the  d i r ec t ions  in  which t o  make compositional modifications t o  produce glasses 
of improved workabi l i ty ,   h igher .   specif ic  modulus , and higher  absolute modulus. 
v 
Kinetics research, composition exploration, and characterization procedures 
indicated three systems of molten oxides that  seemed most promising. Invert 
analog glass systems gave compositions with values for Young's modulus of 22.75, 
22.00, 21.6, and 20.9 mi l l i on  ps i  fo r  bu lk  samples and wi th  spec i f i c  moduli as 
high as 197 t o  200 mill ion inches.  Cordierite-rare earth oxide-beryll ia system 
compositions were found w i t h  va lues  fo r  Young's modulus of 21.1, 20.9, 20.6, 
and 20.3 mi l l i on  ps i  and s p e c i f i c  moduli of 184 t o  197 mill ion inches for  bulk 
samples. A promising new d i r ec t ion  resulted when the  ba res t  of research  e f for t s  
on two phase systems r e s u l t e d   i n  a system whose modulus could be changed from 
t e n   m i l l i o n   p s i   t o   f i f t e e n   m i l l i o n   p s i  by heat  t reatment  while  the f iber  was 
being drawn at moderate speeds. 
Of the four hundred and sixty-six glass compositions investigated,  about 
one hundred could be drawn in to  g l a s s  f ibers using mechanical drawing apparatus. 
One of t he  more outstanding high modulus beryll ia containing glasses developed 
at UARL i s  the glass composition UARL 344. In tens ive  inves t iga t ion  of  th i s  
composition showed t h a t  it could be readi ly  f iber ized and fibers can be con- 
t inuously drawn at  high rates of speed and r e s t a r t e d  a t  w i l l .  Over 100,000,000 
feet  of these fibers have been dratm through an o r i f i c e  of 0.038 in.  diameter a t  
orifice temperatures from 1260Oc t o  131OoC, with heads of molten glass from 
3/8 i n .   t o  1 1 / 2  i n .  , and at winding speeds of 4000 t o  8000 f t /min  ( the  top  
speed on our winder). The glass  f ibers  processed under  these condi t ions show 
excel lent  propert ies .  Diameters vary from 0.2 t o  0.4 mils with a Young's modulus 
of 18.6 m i l l i o n  p s i ,  a s p e c i f i c  modulus of 157 mill ion inches,  and s t rengths  
which, i n  twenty-two consecutive measurements, averaged 772,000 p s i  and ranged 
from 600,000 t o  1,000,000 ps i  w i th  a few extreme values discarded. 
A l imited evaluat ion of t h e  UARL 344 g l a s s  f iber  i n  a resin matrix has been 
very encouraging and indicated a unid i rec t iona l  longi tudina l  modulus as high as 
twelve m i l l i o n  p s i ,  shear s t rengths  as high 'as 16,000 p s i  and t ens i l e  s t r eng ths  
(unsized) of 270,000 p s i .  UARL s c i e n t i s t s  c a l c u l a t e  f o r  a 70 vol  % glass  f iber -  
r e s i n  matrix 2 45O alignment , t h a t  the r e s u l t s  w i l l  be: 
Modulus Spec i f ic  Modulus 
F iber  lbs / in   t en   mi l l ion   inches  
E 0.0776  3.27 
S 0.0762  4.12 




I n  bulk form, the  proper t ies  of  UARL 344 are a l so  exce l len t .  Bulk samples 
have a Young's modulus of 20.3 million. psi and a s p e c i f i c  modulus of 168 mi l l ion  
inches. The va lue  of  20 .3  mi l l ion  ps i  for  th i s  g lass  is  h igher  than  tha t  of 
any other  ava i lab le  g lass  or glass ceramic. 
This research a l so  l e d   t o  f ive pakent applications and three papers pre- 
sented at sc ien t i f ic  soc ie ty  meet ings .  Abs t rac ts  for  all of these are  included 
i n  t h i s  report .  
v i  
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INTRODUCTION 
I n  connection with i t s  proposals which resulted in NASA contracts  NASIJ-1301 
and NASII-2013, UARL had f i r s t  pursued  the  technical   l i terature   concerned  with 
high strength,  high modulus g l a s s  f ibe r s .  The ex ten t  of  th i s  l i t e ra ture  repre-  
senting as it does 75 t o  100 man years of research  e f for t  i s  only  par t ia l ly  
indicated by references 2 through 40. From the thousands of experimental glass 
compositions investigated, a plateau seemed t o  have been reached with the 
development of a glass f iber  wi th  an average Young's modulus of 14.64 mi l l ion  
p s i  and an average tensi le  s t rength of about 800,000 p s i .  
The vast  extent  of t h e   p r i o r  art needed t o  achieve this plateau made it 
obvious t h a t  a fu r the r  d i r ec t  b ru t e  fo rce  a s sau l t  on t h e  problem of a t t a in ing  
a s t i l l  higher modulus,  higher strength glass fiber could only yield marginal 
improvements. It was c l ea r ly  ind ica t ed  tha t  a better understanding of g lass  
formation was necessary for any hope of success. A consideration of g l a s s  
formation as a kinet ic  process  guided the.preparat ion by UARL of candidate 
g lasses  se lec ted  from s i l i c a t e  and nonsi l icate  composi t ions that  tend to  form 
complex three-dimensional crystal  structures such as r ings or chains or l ayers .  
I n  t u r n ,  t h i s  be l i e f  i n  g l a s s  fo rma t ion  a s  a r a t e  con t ro l l ed  p rocess  l ed  to  
the  sys temat ic  inves t iga t ion  of  the  ra tes  of  c rys ta l l iza t ion  of selected binary 
and ternary oxides and t h e  e f f e c t s  of oxide additives on these rates  of  crystal-  
l i z a t i o n .  The report  that follows shows t h e  consequences of this philosophy. 
The examination of t h i s   l i t e r a t u r e   a l s o  showed UARL the  necess i ty  of extreme 
precaut ions in  making meaningful measurements of the  proper t ies  of g l a s s  f ibe r s  
s i n c e   i n  many cases  e l a s t i c  moduli were reported by one labora tory  tha t  d i f fe red  
by as much as a  f ac to r  of 1.6 o r  more from t h e  moduli reported by o ther  labora tor ies  
f o r  almost identical compositions or from moduli calculated by t h e  method of 
C. J. Phi l l ips  (Ref .  1) f o r  t h a t  composition. A s  this report  will show, such 
discrepancies  f requent ly  ar ise  from basing moduli measurements on hand-dram 
f i b e r s  and assuming them t o  be circular  in  cross  sect ion al though any ac tua l  
microscopic examination of such fibers usually shows them t o  have a grea t ly  
f l a t t e n e d  e l l i p t i c a l  c r o s s  s e c t i o n .  
ORIGINATION OF NEW GLASS COMPOSITIONS 
Al inves t iga tors  working  in . the  f ie ld  of glass research quickly become 
convinced that i n   s p i t e  of the  ex is tence  of many thousands of oxide systems, 
the formation of a glass from a molten oxide system i s  a rare  event .  But i f  
one w i l l  consider the viewpoint of Douglas (Ref. 411, 8 world renowned g lass  
chemis t ,  tha t  the  poss ib i l i ty  of glass formation perhaps rests almost entirely 
wi th  the  k ine t ics  of crystal l izat ion of  molten binary and ternary oxide systems, 
then perhaps the chance of glass formation may be made a l i t t l e  l e s s  r a r e .  This 
should .be  espec ia l ly  t rue  i f  one puts together molten oxides in such proporT 
t ions   t ha t   t he   on ly   c rys t a l l i ne  phase's l i k e l y   t o  form w i l l  be many-atom three- 
dimensional structures. The formation of such complicated crystal structures 
examined from the  poin t  of view of t h e  number of atomic coll isions that must 
take  p lace  for  the i r  synthes is  can only be considered a time-consuming s t e p  
and one which may possibly be defeated by antinucleating agents and/or rapid 
cooling. 
Concepts of Mechanisms by Which  Some Crys ta l l ine  
Materials Might Become Glass Polymers . . 
R. J. Char les  wr i t ing  in  the  Sc ien t i f ic  American (Ref. 42) speaks of 
"glass-forming materials which when c rys t a l l i zed   o f t en  take t h e  form of s p i r a l  
cha ins  in  a hexagonal array (selenium, tellurium) or nes ts  of eight-member r ings 
(sulfur). When such  r ing  s t ruc tures  a re  hea ted  in  a melt , t he  ring's tend t o  
open and l i n k  up into extended chains.  If the- melt is  quickly cooled, the rings 
do not have time t o  re-form and a glass  resul ts .  Glasses  are  a lso readi ly  pro-  
duced from spiral-chain  arrays.  '' 
An example of the   type   o f   s t ruc ture  which UARL is  .considering in.  t h i s  report  
and t h a t  may be considered both multi-atom and three-dimensional is  beryl., 
Be3fi2~i6v18, for which a two-dimensional representation due t o  Wells (Ref. 43) 
is shown 1n Fig. 1. This molecule requires that  29 atoms meet i n  a common 
l o c a t i o n  f o r  i t s  formation and i t s  c rys t a l  s t ruc tu re  posses s  r ings  of ions 
arranged i n  sheets  with their  p l anes   pa ra l l e l  and with the metal  ions lying 
between the  shee ts  wi th  the i r  p lanes  para l le l  and with the metal  ions lying 
between the  shee ts  and b ind ing  the  r in  s together (Ref.  43).  In all of these  
s t ructures  discrete  ions such as S i  0 - and Si60181*- form the  bas i s  of the  
cyclic silicon-oxygen complex when it i s  allowed t o  form. Figure 2 represents  
t he  pos tu l a t ed  s t ruc tu re  fo r  a glass possessing a remanent r i n g  s i l i c a t e  s t r u c -  
t u r e   l e f t  from t h e   o r i g i n a l   c o r d i e r i t e   s t r u c t u r e  when the oxide has f i r s t  been 
heated t o  the melting temperature where the  r ings  can open and r e j o i n   t o  form 
long chains and the melt i s  then cooled so r ap id ly  tha t  t h i s  s t ruc tu re  i s  
frozen and the material  remains glossy.  
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FIGURE 1. STRUCTURE OF BERYL 
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Low Atomic Number Oxide Components are Primary 
Though Not t h e  Only Choice 
Since the ultimate long-range objective of t h i s  program i s  the attainment 
of high-modulus, high-strength-to-density continuous vitreous fibers, research 
w i l l  be largely concentrated on complex molecules composed of low atomic number 
oxides such as those shown i n  t h e  t a b u l a t i o n  below ( R e f .  4 4 ) .  
Moduli-Density Values for  Severa l  Low Atomic Number Oxides 
Young ' s Modulus 
Densits M a x i m u m  S t r e   g t h  De s i t y   R a t i o  Oxide (@pls/cm (5% strain-lo'psi) 10 it psi/gms/cm3 
A1203 76 4.0  3.8 
Be0 51  3.0  2.6 
Si02 10.5 2.2  0.53 
Ti02 4 1  4.26  2.06 
MgO 35 3.5 1 .8  
MgO x 2 0 3  35 3.6 1 .8  
19 
1 7  
1 0  
5 
1 0  
9.6 
For this  reason,  specif ic  molecular  systems considered have been s i l icates  
( s i n c e  s i l i c a  i s  the  bes t  known glass former) such as c o r d i e r i t e ,  Al3Mg2 
(Si5A1)018, known t o  have a r ing crystal  s t ructure  with ions arranged In sheets  
but not a layer  s t ruc ture  (Ref .  43) ;  beni to i te ,  BaTiSi 0 , l ikewise a complex 
three-dimensional structure (Ref.  43) ; and bery l ,  Be3A?2&@-,8, a r ing  s t ruc-  
t u r e  l i k e  t h a t  of co rd ie r i t e .  The low v a l u e  f o r  s i l l c a  i n  c o n t r a s t  t o  t h e  
o ther  ox ides  ind ica tes  tha t  the  percentage  of  s i l i ca  in  such  a g l a s s  must be 
held a t  a minimum i f  h i g h  moduli a re  to  be  achieved .  The major consti tuent,  
s i l i c a ,  which provides  the  g lass  s t ruc ture  and the desired viscosity charac- 
t e r i s t i c s ,  can be regarded as a necessary evi l  and the  pos i t i ve  d i r ec t ion  fo r  
modulus improvement c l e a r l y  l i e s  i n  u s i n g  no more s i l i ca  than  necessa ry  and s o  
leads  to  the  cons idera t ion  of invert  analog glasses as we show i n  a l a t e r  
sec t ion .  
Although low atomic number oxides  are  the most promising ingredients for 
high modulus g l a s s  fibers, they are  not  the only al lowable const i tuents .  In  
our  ear l ier  report  (Ref .  4 5 ) ,  we showed that  based on UARL experimental data 
and the  method of calculation introduced by C .  J.  Phi l l ips  (Ref .  1) contributions 
per  mol % t o  Young's modulus of several  of the heavier elements were.high: 
























The judicious use of  several  of these heavier oxides i s  obviously t o  be 
considered in cases where they improve the  v i scos i ty ,  su r f ace  t ens ion ,  working 
range  and  o ther  charac te r i s t ics  cont r ibu t ing  to  f iber izabi l i ty .  
Selection of Glass Systems Invest igated 
The compositions of the glass systems investigated are shown i n  Table I 
i n  terms of t h e  number of grams used of each ac tua l  i ng red ien t ,  i n  Tab le  I1 i n  
weight percent, and i n  Table I11 i n  mol percent.  These glass compositions can be 
discussed in  terms of  ten types or g l a s s  f i e l d s  as ind ica ted  below. 
Cordier i te-beryl  rare earth systems. - A g l a s s  f i e l d  i n  which UARL has 
car r ied  out  ex tens ive  research  i s  t h a t  of the  cord ier i te  g lass  sys tem to  which 
r a re  ea r ths  have been added as major consti tuents.  As d i scussed  in  our int roductory 
remarks,  cordierite or Mg2a4si5018 i s  a three-dimensional ring former and as shown 
i n  a l a t e r  s e c t i o n  of t h i s  r epor t  r a r e  ea r th  add i t ions  such as lanthana,  cer ia  
and y t t r i a  ac t ive ly  de l ay  the  onse t  of d e v i t r i f i c a t i o n  i n  g l a s s  systems of t h e  
cordier i te  composi t ion f ie ld .  A t  t h e  same t ime the rare  ear th  oxides  great ly  increase 
the values  for  Young's  modulus of t he  co rd ie r i t e  g l a s ses .  These g l a s ses ,  t he re fo re ,  
contain major amounts of rare-earth oxides and may or may not  a l so  conta in  bery l l ia .  
I n  a d d i t i o n  t o  t h e  rare earths,  zirconia has been found to have similar bene f i c i a l  
r e s u l t s  and may be  subs t i t u t ed  fo r  or added i n  a d d i t i o n  t o  t h e  r a r e  e a r t h  o x i d e  
cons t i tuent .  
Tables I ,  11, and I11 contain many g lasses  formed from the  cord ier i te -  
rare  ear th  const i tuents .  Typical  glasses  of t h i s  t y p e  a r e  UARL 125,  304,  337, 
323,  344,  345,  and  363.  Table XXXV shows t h a t  UARL 125 with no tox ic  ingredien ts  
has a Young's modulus of 16.1 mi l l i on  ps i  and a s p e c i f i c  modulus of 161 mi l l ion  
inches.  Corresponding numbers for other nontoxic cordierite-base glasses are 
UARL 304 with 19.2 and 147; UARL 337, 20.9 and 147; UARL 363 with 19.3 and 150.5. 
With b e r y l l i a  added t o  t h e  c o r d i e r i t e  b a s e ,  UARL 323 shows a Young's modulus 
of 18.4 mi l l i on  ps i  and a s p e c i f i c  modulus of 184 mil l ion inches;  UARL has 
values of 20.3 and 168; UARL gives 21.1 and 174.5. These resu l t s  toge ther  wi th  
r e su l t s  fo r  g l a s ses  such  as UARL 416 through 423 ind ica t e  c l ea r ly  tha t  t he  
cordier i te-rare  ear th  oxide with or without  bery l l ia  forms a very encouraging 
approach t o   t h e  problem of f inding a new high modulus h igh  s t rength  g lass  f iber .  
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Table I 
New Experimental Glass Batches 
Actua l  Ingredien ts  in  Grams 
Actual.   Ingredient 
S i l i c a  
Alumina 
Magnesium Carbonate (bas i c )  
Zirconia 
Titanium Dioxide 
T ant a l u m  Oxide 
Barium Carbonate' 
S i l i ca .  
Alumina 




B a r i u m  Carbonate 
.Lanthanum Oxalate 
Thoria 
Fused Boric Acid 
Zirconium Carbonate 
Beryllium.  Carbonate 

































































































































































Table I (Cont 'd )  
Actual Ingredient 
S i l i c a  
Alumina 







Boric Acid (H3B03) 
S i l i c a  
Alumina 
Magnesium Carbonate (bas i c )  



































































































































































135 - 0  
"- 
"- 


























S i l i c a  
Barium Carbonate 
Calcium.  Carbonate 
Potassium Carbonate 
Strontium Carbonate 
Rut i le  
Titanium Dioxide 





Rut i le  
Titanium Dioxide 
S i l i c a  




Rut i le  
Titanium Dioxide 
Zirconia 
Table I (Cont Id) 





74.2 71.25 "- 50.0 
53.5 --- 
50B - 51 
168.0 190. o 
136.2 67.2 
68.2 92.2 
100.7 73.6 "- 103.3 
110.3  88.5 
54.55 --- 









4 8 ~  - 













































105  - 9  
"- 
"- 
52B - 53 
130.0  175.0 
143.5  84.5 
71.3  1 5.8 
116.3 111 .4  
106.3  92.  
"- 65.0 
76.75 --- 




94.3  94.3 
78.4  78.4 




































S i l i c a  
Alumina 
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157 S O  "- 





S i l i c a  
Alumina 






S i l i c a  
Alumina 






Fe r r i c  Oxide 
Zirconium Carbonate 
Beryllium Carbonate 
T i t a n i a  (no t  Ru t i l e )  
Lithium Carbonate 









































































































































255 - 0  "- 
104.14 
"- 
















































S i l i c a  
S i l i c a  ( Si02) 








S i l i c a  (Si02) 






Zinc  Carbonate 
Magnesia ( MgO ) 
S i l i c a  ( ~ i 0 2 )  





Magnesia (MgO ) 
Basic Magnesia Carbonate 
Cerium Oxalate 
Table I (Conk'd) 





































































































221.2 "_ "_ 
"- 
53.40 "_ "_ 
- 95 








































































S i l i c a  ( SbO2) 




S i l i c a  (siO2) 
Alumina (~1203) 






S i l i c a  
Alumina 
Magnesia ( M g O )  
Calcium Carbonate 
Yttrium Oxalate 
S i l i c a  
Alumina 











































































































119 * 75 
88.1 "_ 
" - "_ 
106.9 
- 119 120 -





- 125 - 126 
178.5 165.5 
181.5  127.5 













223.0  173.15 
79.85  71.15 
108.35  96.75 
"_  
"- "- 
192.3  346.0 
"-  -" 
Table I (Cont 'a) 
Actual Ingredient 
S i l i c a  
Alumina 









S i l i c a  
Calcium Carbonate 
Magnesia ( MgO ) 
Zirconium Carbonate 
Ti tan ia  (not  Rut i le )  
Lithium Carbonate 
Alumina 

































S i l i c a  239.0 
Alumina 57.75 
Magnesia 118.4 
Rare Earth Oxalate 381 
Yttrium Oxalate 
Lanthanum Oxalate 
























































































































































































Table I (Cont ' a )  
Actual Ingredient 







. T i 0 2  ( n o t . R u t i l e )  
Vanadium Pentoxide 
.,Rare.  Earth  Oxalate 381 























l o o .  5 
























































109 * 5 
47.3 
5 4 . 1  "_ 
"_ "_ 
46.95 






_" "_ "_ "_ 
85.35 
- 172 
99 * 25 
64.75 












157  5 
82.3 
32.35 "_ 























































T i t a n i a  
S i l i c a  
Alumina 







T i t an ia  
Lithium Carbonate 
Rare Earth Oxalate 
S i l i c a  
Alumina 



































































70 75 "_ "_ 
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401.0 "- "_ 
21.5 

























Table I (Cont 'a) 
Actual Ingredient 





























































































































323 -0  
























































515 0 "- 
"- 
I 
Table I (Cont 'a)  
Actual Ingredient 








Fe r r i c  Oxide 
Tantalum Oxide 




Fused Boric Oxide 
Thoria 
Zirconium Carbonate 
Ti tan ia  (not  Rut i le )  




Fused Boric Oxide 
Zirconium Carbonate 
T i t a n i a  (no t  Rut i le )  





























































































































1.75 --- "- 111.0 








































Table I (Cont d) 
Actual Ingredient 







































































































































































log. 0 "- 
"- 






































































Boric Acid (fused) 
Bar ium Carbonate 
T i t a n i u m  Dioxide 
Sodium Carbonate 
S i l i c a  
Alumina 
Magnesia 
























Boric Acid Fused 
B a r i u m  Carbonate 





Table I (Cont I d )  
262 263 264 





"-  "- 
345.5 175.5 --- 
105.0 56.5 --- 
13.5 7-35 --- 












"-  "- 
"-  "- 
118.8  134.3 
44.0 --- 
224.3 --- 




395.0  303.0 
87.5  67.0 

































































































































































































Table I ( Cont 'd) 
Actual Ingredient 




Zinc  Carbonate 
Magnesium Oxide 






Cupric  Carbonate 
Yttrium Oxalate 
Cupric Oxide 
Rare Earth Oxalate 
Cobaltous  Carbonate 




Zinc  Carbonate 
Magnesium Oxide 





Titanium  Dioxide 
Cupric  Carbonate 
Yttrium Oxalate 
Cupric Oxide 














































































































25 * 9  
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Actual Ingredient 




Zinc  Carbonate 
Magnesium Oxide 









Rare Earth Oxalate 
Cobaltous Carbonate 




Zinc  Carbonat e 
Magnesium Oxide 






Cupric  Carbonat e 
Yttrium Oxalate 
Cupric Oxide 
Rare Earth Oxalate 
Cobaltous Carbonate 













































































































































































300 301 - -





























299.0  303.0 





S i l i c a  
Aluminum Oxide 








Zirconium Carbonate (nom. ) 
Cupric Oxide 




Zinc  Carbonate 
Magnesium Oxide 




Zirconium Carbonate (nom. ) 
Cupric Oxide 













52.0 ""_ ""_ 






54.2 "_ "_ "_ 
80.4 "_ 












60.9 "_ "_ "_ 
77.4 "_ 















"e ""_ "_ 
74"7 "_ 




























Table I (Cont'd) 
Actual Ingredient 
S i l i c a  . 
Aluminum Oxide 




















(nom. ) ---- 
"" 
- 324 
S i l i c a  161.9 
Aluminum Oxide 109 7 
Lithium  Carbonate 79.3 
Calcium  Carbonate "" 
Zinc  Carbonate 134.7 
Magnesium Oxide 86.8 
Beryllium  Carbonate 47.1 
Yttrium  Oxalate "" 
Lanthanum Oxalate "" 
Cerium Oxalate 
Zirconium  Carbonate (nom. ---- 







































- 326 - 327 


































































Table I (Cont ' d) 
Actual  Ingredient - 330 - 331 - 332 - 333 - 334 - 335 
Si l ica   129.2 148.8 123.8 142.1  117.9  124.3 
Aluminum Oxide ( C .P . ) 67.4  7 54.7 74.0 85.8  90 4
Magnesium Oxide ( C  .P . )  "-  "- 53.4  60.9  67.8 --- 
Yttrium Oxalate "_ 460 
466 Lanthanum Oxalate C" "- 416 
Beryllium  Ca bonate  98.3 113 "- "-  "- 121.8 
Zinc  Carbonate  (C.P.)  82.9  95.4  79.6  91.0 70.2 74.2 
"- 
447 439 395 
"-  "- 
S i l i c a  
Aluminum Oxide ( C  .P.) 




Zinc Carbonate ( C  .P .  






































343 344  45 346 - 347 342 - -- --
S i l i c a  
Aluminum Oxide (C.P.) 





Zinc Carbonate ( C  .P. ) 



































71.8 148 .O 
"_ 
"- "_ 



























111 .5  








S i l i c a  
Aluminum Oxide ( c .P .I 





Zinc  Carbonat  e ( C  .P . 
Lithium Carbonate (C.P.) 





























"- "_ "- "- 
371 
"_ 
"_ "- "_ "- "_ 
I 
Table I (Cont 'd) 
Actual Ingredient  
S i l i c a  (siO2) 











S i l i c a  (sio2) 
Alumina (A120 ) 







Fe r r i c  Oxide 
Fused Boric Acid 
Copper Oxide 
S i l i c a  (sio2) 
Alumina (A120 ) 
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Fused Boric Acid 
Copper Oxide 
Calcium Carbonate 
S i l i c a  ( s ~ o ~ )  
Alumina (A120 ) 
Magnesia (MgO? 
Zirconium  Acetate 
Lanthanum Oxalate 
Zinc  Carbonat  e 
Lithium Carbonate 
Fused Boric Acid 
Calcium Carbonate 
Copper Oxide 
Titanium Oxide ( n o t  r u t i l e )  
Beryllium Carbonate 
Fer r ic  Oxide 
Rare Earth Oxalate 
S i l i c a  (Si021 
Alumina (A1203) 
Lithium Carbonate 
Calc iwn Carbonat  e 
Zinc Carbonate 
Magnesia (MgO) 
Fused Boric Acid 
Lanthanum Oxalate 
Titanium Oxide ( n o t  r u t i l e )  
Beryllium Carbonate 
Fer r ic  Oxide 
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S i l i c a  (si021 
Alumina (A1203 
Lithium Carbonate 
Calcium  Carbonat  e 
Zinc Carbonate 
Magnesia (MgO) 










Fused Boric Acid 
Copper Oxide 
Titanium Oxide ( n o t  r u t i l e )  
Yttrium Oxalate 




Magnesia (MgO ) 
Fused Boric Acid 
Lanthanum Oxalate 
Copper Oxide 
Titanium Oxide ( n o t  r u t i l e )  
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Fer r ic  Oxide 
Yttrium Oxalate 
Zinc  Carbonate 
Rare Earth Oxalate 
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Table I (Cont 'd) 
- Actual  Ingredient 
S i l i ca  (S io2 )  





Rare E a r t h  Oxalate 
Yttrium Oxalate 






- 409 - 410 - 411 - 412 413 414 
1'29.3 159.4 159.8 122.8 213.9 146.2 
67.4 90.2 90.3 78.1 60.5 61.9 
82.7 "- "_ "- 74.2 76.1 "- 35.7 35.7 30.9 "_ "_ 
124.3 80 .o 80.0  69.3  161.0 165.3 
- -
465 "- 4 i  5 5 39 "- 428 









New Glass Compositions i n  Weight $ 
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27.6 35.5 --- 
28.4 29.1 --- 
6.5 5.3 48 
8.6 9.5 52 "- "- "- 
13.4 13.8 --- "- 6.9 --- 


























T i 0 2  
SrO 
BaO 






































(Cent 'a)  
4 1  -
44 "- 
"- 
11 "_ "_ 
"- 









































24.64 "_ "_ 



















































































55.3 "_ "_ 
" - 
44.7 
"- "_ "_ "_ 
"- 
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Actual Ingredient  
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1 2  
16 












12 .5  "_ 
1 5  
1 0  
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18.33 


































Table I1 (Cont 'dl 




















K 2 0  
S i 0 2  
A1203 
L i  20 











































































































































































































- 10 7 - 108 - 109 - 110 - 111 - 112 
45.9 56.3 23.3 51.2 44.8 44.8 "- "- "- 35.0 44.3 44.3 
3.73 3.0 3.64 --- -" "- 
7.01 5.66 6.82 --- "- "- 
10.15 8.2 9.91 --- "- "- 
5.03 4.06 4.91 13.85 10.68 10.68 
28.2 22.3  52.5 --- "- "- 
- 11 3 - 114 - 11 5 - 116 - 117 11 8 -
33.35  37.4  27.6  27.3  27.2  22.7 
24.6 27.6 28.0 27.7 8.43 --- 
"- 27.2 --- 36.8 --- -" 
6.85  7.68  8.15  8.07  6.77  5.4 
35.25 --- 36.2 --- 57.6  72.0 
33.1 29.3 20.82 13.95 20.2 20.95 
10.85 --- 19.2 16.75 18.5 19.15 
7.88  6.9   5.32  4.6  5.15  5.34 
"-  "- -" "-  "- 54.5 
48.2 63.8 --- "- "- -" "- -" 54.7 72.0 --- "- -" "- "- -" 56.2 --- 
- 12 5 - 126 - 127 - 128 - 129 - 130 
35.7  33.1 46.0  55.0  38.62  45.0 
36.3  25.5 12.9  8.9  17.55  12.62 "- "- "-  "-  "- 14.4 
10.53  6.19 10.2 7.0 14.82 --- 
17.55 --- "- 
"- 35.4 28.6  29.4  29.06 28.0 
"-  "-  "- 
34 
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9.04 "- "_ 
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23 95 "- 
17.62 





























Table I1 (Cont 'd) 
- 155 - 156 - 157 - 158 - 159 - 160 
49.7 47.8 39.0 48.8 43.8 
20.66 11.55 5.49 9.55 8.55 
24.64 23.68 19.35 16.0 14.37 
-4- "_ 21.38 --- 33.2 "- 17.0 14.85 25.62 --- "- "- "_ "-  "- 
5.09 --- "- "- "- 





































L i  20 
C a0 
MgO 















33.41 7.7 "- "- "- 
- 17 5 
31.7  19.853   31.44 7  5 .
- 
5.21 12.95 12.63 17.16 6.25 4.71 
7.55 5.05 4.93 5.85 9.91 6.8 
46.2 --- "- 33.3 27.75 28.5 
9.28 9.37 9.12 12.44 11.18 6.9 
"- 52.0 --- "- -" "- 
















































































Table I1 (Cont'd) 
Actual Ingredient 
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15  -93 -" "_ "_ 
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"- 
" - "_ 
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30.7 "- "_ 
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Table I1 (Cont 'd) 
Actual Ingredient  
Si02 
A1203 
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7 - 9 1  "_ 
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"- "_ "_ 
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Table I1 (Cont 'd) 
Actual Ingredient 
S i02  
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ZnO 
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Table I1 (Cont ‘d) 
Actual Ingredient 
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Table I1 (Cont ' d)  
Actual Ingredient 
S i0  
A1283 
LieO 
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Be0 
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Table I1 (Cont'd) 
Actual Ingredient 
Si0 ~ i ~ 9  
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Experimental Glass Composition i n  Mol Percent 
Actual Ingredient 
Si02 , . 
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- 13 5 
54.31 
15.56 
28.89 "_ "_ 
1.00 
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1 . 0  
1 . 0  











"_ "_ "_ 
6 .1  
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Table I11 (Cont 'd) 










49.4 49.4 49.4 49.4 49.4 49.4 
36.5 36.5 36.5 36.5 36.5 36.5 
6 .1   6 .1   6 .1  . 7.05 12.1 7.05 
8.0 --- -"  -" "-  "- 
"- 8.0 --- . "- "-  "- "- "- 8.0 --- - " "- 
"- "- -" 7.05 --- "- -" "- "- -" 2.0 --- 
"- "- "- -" "- 7 -05 
- 158 - 159 - 160 - 161 - 162 - 163 
49.4 57.4 57.4 57.4 49.4 49.4 
36.5 28.0 28.0 28.0 36.5 36.5 
5.0 --- 8.0 --- "- "- 
4 . 1  6.6  6.6  6.6  6.1 10.1 
5.0 8.0 --- -" "-  "- 












































~ e 2 5 3  
v2°5 











- 170 - 171 - 172 - 173 - 174 - 175 
51.67 51.67 41.67 41.67 49.67  60
5.0 5.0 16.0 16.0 16.0  5 
18.33 18.33 15.83 15.83 13.83 20 
20.0 --- -" 14.0 10 
20.0 --- 20.0 --- "-  "- 
20.0 --- "- 
-" 
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182 - 183 - 184 -
40.0 40.0 40.0 "- 5.0 --- 
19.0 16.5 19.0 
14.0 9.0 14.0 
10.0 10.0 --- 
1.0 1.0 1.0 
"_ "- 10.0 
5.0 5.0 5.0 
1 . 0  1 .0  1 . 0  
5.0 5.0 5-0 
5.0 5.0 5.0 
"- "- "- 

































T i 0 2  
L i 2 0  
188 189 - 190 - -
49.4 49.4  49.  
6.1   6 .1   6 .1  
8.0 --- "- 
"- "- 8.0 
6.0 6.0 
30.5  30.5  30.5 
"- 8.0 --- 
"- 
6.0 
- " -" 
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- 289 286 -
30 
1 2  
1 2  
1 2  
1 2  
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12  
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Rare Earth Oxide 
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Table I11 ( Cont Id) 
Actual  Ingredient  
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Table I11 (Cont Id) 
404 - - 40 5 
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15  1 2  
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Table I11 (Cont 'd) 
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Cord ie r i t e s  i n  which c a l c i a  is subs t i t u t ed  for magnesia. - Glasses r e su l t i ng  
when c a l c i a  was s u b s t i t u t e d  f o r  magnesia in  the  co rd ie r i t e - r a re  ea r th  base  are, i n  
p a r t ,  UARL numbers 130, 131, 132, 133, and 206. The ch ief  e f fec t  of such a sub- 
s t i t u t i o n  was found t o   b e  a marked decrease i n  Young's modulus amounting i n  some 
c a s e s  t o  as much as a 25% reduct ion s o  these experiments were abandoned. 
Cordier i tes  i n  which c a l c i a  is  subs t i t u t ed  for alumina. - This  ser ies  of  
glasses includes among o thers  UARL numbers 215, 415, and 423.  Such glasses could 
b e  r a p i d l y  c h i l l e d  t o  form very nice water-white optical  grade glass slugs 
approximately 1 1 / 4  in .  i n  d i ame te r  and 1 3/8 in .  th ick  but  they  were much t o o  f l u i d  
to  y ie ld  acceptab le  g lass  f ibers .  S ince  they  d id  show both high modulus and high 
spec i f i c  modulus, r e s e a r c h  i n  t h i s  area should be continued on a h igh  pr ior i ty  bas i s .  
Fluoborate  opt ical  glasses .  - One of the types of  glass  not  previously 
s tud ied  i n  connection with glass fiber formation i s  the  f luobora t e  op t i ca l  g l a s s  
system (Refs. 46,471. These g l a s s e s  c o n t a i n  l i t t l e  or no s i l i c a  which as we have 
seen  cont r ibu tes  to  a low e l a s t i c  modulus as wel l  as v e r y  l i t t l e  a l k a l i .  UARL 
prepared two such glasses , 32 and 34, but neither appeared promising as a source 
of high modulus g l a s s  f i b e r s  so  the research on these  g lasses  w a s  stopped. 
Morey's glasses from acid-forming elements. - A d i s t inc t ly  d i f f e ren t  t ype  of 
nonsi l icate ,  nonalkal i  glass  system not  previously s tudied by g lass  f iber  research  
inves t iga tors  i s  b u i l t  on acid forming elements having relatively high atomic weights. 
These glasses  due t o  Morey (Ref.  48).and improved f o r  manufacture by DePaoli ( R e f .  49) 
may be made, f o r  example, from a mixture of t i t a n i a  and tantalum oxide or from tan ta-  
lum oxide,  z i rconia  and lanthana. They typica l ly  inc lude  no a l k a l i  and l i t t l e  
or no s i l i c a  and are ,  therefore ,  too  re f rac tory  to  be  mel ted  in  convent iona l  g lass  
f iber  apparatus .  Publ ished data  for  those of these glasses produced by Eastman 
Kodak  Company (Ref. 5 0 )  suppor ts  the  idea  tha t  these  g lasses  have e l a s t i c  moduli 
considerably larger than conventional glasses and the  l ack  of s i l i c a  l e n d s  hope 
t h a t  such systems may not suffer atmospheric deterioration to the degree experi-  
enced by s i l i c a t e  g l a s s e s .  UARL has attempted t o  melt a number of these glasses  
inc luding ,  for  example, UARL 2 ,  3, 5 ,  8, 9,  10, 20,  22,  23, 59, 60, 61, 222,  223, 
224, 226,  227,  228,  229,  and  230. In  genera l ,  even  though our furnaces  a t ta in  
temperatures of 1 7 6 0 ~ ~  (Super-kanthal elements) in a i r  and platinum-40% rhodium 
crucibles  were used, we could not obtain congruent melting despite rigid adherence 
to  the  p re sc r ip t ions  g iven  in  Ref s .  48 and 49 and even f o r  t h e  few g lasses  of t h i s  
t ype  tha t  we could successful ly  mel t ,  the  values  obtained for  Young's modulus were 
not outstanding. Our lack  of success  with these glasses  i s  not  ful ly  understood 
at t h i s  time and would ind ica t e  the  need f o r  f u r t h e r  r e s e a r c h  i n  t h i s  a r e a .  
Calcia-alumina glasses of National Bureau of Standards and Bausch and 
Lomb Optical  Co. - The p r io r  r e sea rch  e f fo r t s  on the  or ig ina t ion  of new high 
modulus high s t rength glass  f ibers  included a ve ry  s ign i f i can t  e f fo r t  by the Nat ional  
Bureau of Standards (Refs. 28-35) devoted t o  g l a s s e s  whose primary constituents 
were c a l c i a  and alumina with very l i t t l e  s i l i c a .  The s t a b i l i t y  of these glasses  
was subsequently improved  by  Hafner, e t  a1 (Ref. 51 ) .  UARL melted a number of 
these compositions centered around the binary eutectic composition in order to 
70 
check our modulus measurements against  the publ ished values  of N.B.S. as w e l l  
as to  gain experience in  mel t ing high temperature  glasses  known t o  show rapid  
dev i t r i f i ca t ion .  We a l s o  t r i e d  a number of or iginal  composi t ional  var iants .  
m p i c a l  g l a s s e s  i n  t h i s  s e r i e s  a r e  UARL numbers 84,  85, 86, 93, 96, 215, 216, 
217,  218,  242,  424, and 425. Many of  these glasses  were very d i f f i c u l t  t o  c h i l l  
i n   l a r g e   d i s c s ,   o t h e r s  have very high preparation temperatures , some were 
extremely f lu id  and could not be used for f iber formation. The two b e s t  compo- 
s i t i o n s  i n  t h i s  series a r e  o r i g i n a l  N.B.S. compositions, our numbers 424 and 425, 
but  w e  have not  been able  to  d r a w  f i b e r s  from these  at h igh  r a t e s  of speed as 
ye t .  Inc identa l ly ,  the  format ion  of g l a s s  from the  binary calcia-alumina eutect ic  
can be explained on t h e  b a s i s  of Zachariasen's rules of glass formation according 
t o  Rawson ( R e f .  52). 
Calcia-yt t r ia  glasses. - S i n c e  y t t r i a  behaves i n  many ways as a chemical analogue 
of aluminum, a natural  extension of research on calcia-alumina glasses i s  t o  form 
a similar s e r i e s  of calcia-yttria glass compositions again centered on the  compo- 
s i t i o n  of the  b inary  eu tec t ic .  UARL melts 88,  89,  90, 91, 92, 94, 95 and 243 were 
prepared on t h i s  basis but  no unusual  resul ts  were obtained and t h i s  approach has, 
therefore  , been  discontinued. 
"Invert"  analog  glass  systems. - Douglas  (Ref. 93) summarizes the Zachariasen 
ru l e s  r e l a t ing  the  p robab i l i t y  of g lass  format ion  to  the  s t ruc ture  of t he  
c rys t a l l i ne  form of the  ma te r i a l  as 
1. An oxygen atom i s  l i nked  to  no t  more than two atoms, A;  
2. A must be small; 
3. The oxygen polyhedra share corners with each other, not edges or 
faces  and form three-dimensional networks; 
4. A t  least three corners  in  each oxygen polyhedra must be shared. Exceptions 
t o  a l l  of t hese  ru l e s  a re  now  known and a t t en t ion  m u s t  be  tu rned  to  the  
k ine t i c s  of t h e  problem. The quan t i t a t ive  r e l a t ion  of t h e  k i n e t i c  
behavior t o  s t r u c t u r e  i s  an immense task .  
The very new UARL experimental  glasses  considered in  this  sect ion of t h e  
report belong t o  a region of glass compositions analogous to  S teve l s  " inve r t "  
glasses  and i n  c o n t r a s t ,  t o  almost a l l  of the  g lasses  cons idered  ear l ie r  the i r  
formation cannot be explained by Zachariasen's three-dimensional network concept. 
The concept developed by J .  M. Stevels  and h i s  a s soc ia t e s  from 1954 on was 
t h a t  by a proper combination of oxides, stable metasilicate glasses could be 
obtained. A t y p i c a l  example c i t e d  by Steve ls  i s  50 mol % Si02 and 12.5 mol % of 
the  four  materials Na20, K 2 0 ,  C a O ,  BaO. D r .  S teve ls  expla ined  th i s  "anomalous" 
case of glass formation by saying that "by choosing a ba tch  wi th  a 'g rea t  number 
of network modif iers  the 'g lue '  between the chains i s  s o  i r r e g u l a r  t h a t  c r y s t a l -  
l i z a t i o n  i s  prevented." Obviously, by using a combination  of a lka l i  ox ides  and 
a combination of a lka l ine  ear th  oxides  as prefer red  by S teve l s ,  t he  l i qu idus  
temperature can be lowered and t h e   f i e l d  of glass formation can be increased. 
Steve ls '  "invert" glasses  comprised s i l ica ,  two or more monova1,ent oxides , 
usual ly  Na20 and K20 , and two or more a lka l ine  ear th  oxides .  The UARL glasses  , 
on the  o the r  hand, although analogous to  S teve l s  i nve r t  g l a s ses ,  cons i s t  of 
s i l i c a ,  l i t h i a ,  two or more divalent oxides or f luo r ides ,  one or more t r i v a l e n t  
oxides , and may include a second tetravalent oxide or a pentavalent oxide.  This 
combination of divalent and trivalent oxides .has proven equally effective in 
blocking crystal l izat ion while  yielding higher  moduli .  
Weyl (Ref. 53) s t a t e s  f u r t h e r  t h a t  Trap and Stevels characterized the 
coherence of t h e i r  s i l i c a t e  g l a s s e s  by a structural  parameter Y denoting the 
average number of bridging ions per Si044- tetrahedron. This parameter may be 
calculated from the expression 
Y = 6 - - where P = mol % Si02 200 
P 
so  t h a t  when P = 33 1 /3 ,  Y = E: and SiOb4- groups a re  i so l a t ed ;  when P = bo%, 
Y = 1 and on the average Si04 - groups appear i n  p a i r s .  Commercial s i l i c a t e  
g lasses ,  .on the other hand, have Y values between 3.0 and 3.5 i n  agreement with 
the Zachariasen rules  for  s table  glass  formation which s t a t e  t h a t  a s t a b l e  
s i l i ca t e  g l a s s  shou ld  cons i s t  of Si044- te t rahedra  shar ing  at l e a s t  t h r e e  of 
their  corners  with other  Si0b4-  te t rahedra.  On the other  hand,  the " invert"  
glasses developed by Trap and Stevels have Y values lower than 2.0 in direct  
contradict ion of the accepted rules  for  s table  glass  formation.  
When the glass composition was changed t o  lower and lower Si02 concen- 
t r a t i o n s  , Trap and Stevels (Ref.  53) found that some properties such as thermal 
expansivi ty ,  e lectr ical  deformation losses ,  and v i scos i ty  go through m a x i m a  or 
minima reaching extreme values as the parameter Y passes through the value 2.0. 
It i s  the  f ee l ing  a t  t h i s  l abora to ry ,  UARL, t h a t  t h e  modulus of e l a s t i c i t y  may 
likewise achieve a decided m a x i m u m .  However, extensive research with the " invert"  
g l a s ses  in  the  f i r s t  e igh t  qua r t e r s  of t h i s  c o n t r a c t  f a i l e d  t o  y i e l d  any marked 
change i n  modulus. The n in th  and ten th  quar te rs ,  however, yielded a s ix ty  per -  
cen t  increase  in  modulus while  research in  the eleventh quarter  resul ted in  an 
invert  glass  with an elast ic  modulus in  excess  of twenty mill ion psi  as w i l l  
be shown i n  a l a t e r  s e c t i o n  and recent  quarters  have produced another dozen 
" invert"  glasses  with equal ly  high or higher moduli. 
In Tables I ,  11, and I11 the re  a re  many UARL invert  analogue glasses.  For 
example, UARL compositions 266 through 277, 283 through 302, 309 through 318, 
322 through 343, and 346 through 349 may be considered typical UARL inve r t  ana- 
logue glasses. Table X X X V  shows t h a t  UARL 329, a nontoxic "invert" analogue 
g lass  , has a measured Young's modulus of 20.7 mi l l i on  ps i  and a s p e c i f i c  modulus 
of 189 mil l ion inches,  while  337, a l so  a nontoxic composition, yields corres- 
ponding numbers of 20.7 mi l l i on  ps i  and 147 mill ion inches.  When b e r y l l i a  i s  
added to  the " invert"  analogue glasses  these numbers a re  UARL 325 with a Youngls 
modulus of 20.2 mi l l i on  ps i  and 158 mi l l ion  inches ;  for  331, 20.9 and 158, for 
336, 21.0  and 166; f o r  340, 20.9 and 1-63; for 343, 19.4 and.140; for 347,  21.6 
and 164; f o r  350 , 19.8 and 197; and for 3.52, 20.0 and 146. In  sho r t  , at t h i s  
t ime the UARL invert analogue glass compositions seem t o   b e   t h e  most promising 
of the  g lasses  s tud ied  for the purposes of obtaining high modulus and high 
spec i f i c  modulus. 
- Role of micros t ruc ture   in  two-phase  systems. - Up t o   t h e   y e a r  1952, it was 
customary t o   t h i n k  of g l a s s  as a homogeneous mater ia l  bu t  the  appl ica t ion  of 
' electron microscopy to  g lass  research  has  grea t ly  a l te red  our  concept  concern ing  
melting of glasses  i s  accompanied by the appearance of opalescence due t o   t h e  
formation of small drop-shaped regions of a separate phase.  This phenomenon 
depends on the composition since any phase separation of this type has two aspects ,  
namely, the equi l ibr ium or decreasing compatibil i ty of a substance and the rate 
of nucleation. According t o  Weyl (Ref. 53) , the higher the temperature of a molten 
g l a s s ,  t h e  g r e a t e r  i s  i t s  solvent  power f o r  noble metals such as Ag and Au,  f o r  
su l f ides  and se l en ides  l i ke  C d S  and CdSe, and for  ox ides  conta in ing  e i ther  ca t ions  
with a higher charge than sil icon (P5+, W6+) or ca t ions  too  l a rge  to  f i t  i n t o  
the  t e t r ahedra l  s t ruc tu re  of the glass  (Sn4+,  T i 4 + ) .  The quant i ty  of a compound 
t h a t  becomes compatible in  the melt ing range of s i l i ca t e  g l a s ses  va r i e s  w ide ly .  It 
amounts t o  only a f r a c t i o n  of one percent for gold and copper; it i s  of the order  
of one to  f ive  percent  for  su l f ides ,  se len ides ,  phosphates  and t i t a n a t e s  , and 
y e t  i n  some a lka l i -bor ic  ox ide-s i l ica  g lasses  the  incompat ib i l i ty  u t i l i zed  for  
making a Vycor g l a s s  amounts t o  n e a r l y  h a l f  t h e  volume of t h e  t o t a l  g l a s s .  
These glasses, with phase-separated droplets large enough t o  cause noticeable 
l i g h t . s c a t t e r i n g ,  a r e  similar t o  c o l l o i d a l  s o l u t i o n s  whose p a r t i c l e s  a r e  
detected and character ized by Faraday-Ty-ndall e f f e c t  of l i gh t - sca t t e r ing  
measurements. 
.. t h e  homogeneity  of glass  (Refs.  53-73).  For  example, i n  a number of cases   the 
A second group of glasses appears completely clear t o  t h e  naked eye b u t ,  
when examined by the electron microscope, they may be seen t o  have micel les  o r  
heterogenei t ies  of the order  of 200 t o  600 angstroms. I n  t h i s  r e s p e c t ,  Weyl 
(Ref. 53)  s t a t e s  t h a t  t h e r e  i s  a strong resemblance between th i s  desc r ip t ion  
of t he  s t ruc tu re  of a glass developing shrinkage voids on cooling and a l i q u i d  
s t ruc tu re  changing i n  t h e  d i r e c t i o n  toward a Frenkel-type liquid on heat ing.  
Both s t ruc tures  a re  charac te r ized  by f i s s u r e s  and by c lus t e r s  or subcol loidal  
micel les .  The permanency of the  shr inkage  voids  causes  the  g lass  s t ruc ture  to  
approach t h a t  of a molecular l iquid and one might compare the  subcol lo ida l  
micelles and t h e  walls of  the  matrix with molecules having strong intramolecular 
and weak intermolecular  forces .  Weyl (Ref. 53) f e e l s  t h a t  t h i s  p i c t u r e  e x p l a i n s  
why a f i b e r  of a g lass  wi th  a multitude of subcolloidal micelles such as t h e  
te rnary  eu tec t ic  in  the  sys tem Li20-Ba0-Si02 exhib i t s  a f l e x i b i l i t y  o r  d u c t i l i t y  
resembling a molecular organic polymer. Vitreous s i l i c a  w i t h  a much smaller  
number of flaws exhib i t s  no duc t i l i t y .  Th i s  concept i s  also associated with 
the  sonic  spec t ra  of g lasses  where goblets  of v i t reous  s i l i ca  cannot  be  made 
t o  g i v e  a pleasant  r inging sound but  goblets  of glasses  incorporat ing large 
amounts of lead oxide do and the  e l ec t ron  microscope readily reveals the two- 
phase nature of t h e  l e a d  s i l i c a t e  g l a s s e s .  
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Glasses a l s o  e x i s t  which are completely t ransparent  in  the quenched state 
but  which readi ly  develop crystal  nuclei  under su i tab le  hea t  t rea tment .  Such 
glasses have been teamed neo-ceramic by Janakiramarao (Ref. 73). The r e su l t i ng  
opaque or t rans lucent  "neo-ceramic" product  acqui res  proper t ies  d i f fe ren t  from 
those of  the parent  glass ,  but  s t i l l  r e t a i n s  some of  the  proper t ies  of i t s  v i t reous  
state such as conchoidal fracture and freedom  from porosi ty .  The f a c t  t h a t  a 
"neo-ceramic" g l a s s  i n  i t s  quenched s ta te  i s  thoroughly transparent and homo- 
geneous even when examined under an ultramicroscope and displays no Tyndall 
effect  but develops myriads of uniformly distributed nuclei  of considerable 
s i z e  when h e a t  t r e a t e d ,  i n d i c a t e s  t h a t  c r y s t a l l i t e s  e x i s t e d  i n  t h e  p a r e n t  g l a s s .  
On heat  t reatment ,  the incompatibi l i ty  of  the s t ructural  groups and t h e  r e l a t i v e  
freedom of ions favor  the growth of t h e  c r y s t a l l i t e s  or heterogeneous regions 
t o  form nuclei of micelles of definite chemical composition a t  t he  expense of t h e  
surrounding parent glass.  The nucleation and  growth  of f ine ly  d ispersed  c rys ta l s  
from the  g l a s s  ma t r ix ,  pa r t i cu la r ly  i f  t hese  c rys t a l s  a r e  no t  cub ic  bu t  have 
one dimension appreciably larger than other dimensions, allows the possibility 
of noteworthy amounts of c rys ta l  o r ien ta t ion  or  whisker  growth  in  a g l a s s  f i b e r  
while being drawn from the  mel t .  
To summarize then,  UARL f ee l s  t ha t  t he  th ree  types  of microstructure demon- 
s t r a t e d  as ex is t ing  in  g lass  (Refs .  53-73) have not been considered i n  connection 
with the mechanical  propert ies  of such glasses even though studied i n  connection 
with other properties such as thermal expansion and e l e c t r i c a l  c h a r a c t e r i s t i c s .  
It i s  proposed ,  therefore ,  tha t  a basic  invest igat ion be carr ied out  of  the 
e f f ec t  on mechanical properties such as e l a s t i c  modulus and s t rength of  the 
three basic  types of s t r u c t u r e  found i n  two-phase g l a s ses ,  t ha t  i s ,  co l lo ida l  
or l igh t -sca t te r ing  s t ruc tures  which may be  i so la ted  drople t s  of a second phase 
or continuous interpenetrating two-phase s t ruc tu res ,  mice l lu l a r  or subcol loidal  
s t ruc tu res  which may be  i so la ted  drople t s  or c r y s t a l s ,  and two-phase glasses  
containing one component i n  t h e  c r y s t a l l i n e  and the  o the r  i n  the  v i t r eous  s t a t e .  
It i s  c l e a r  t h a t  such s t ruc tu res  must def ini te ly  affect  the mechanical  propert ies  
of such glasses even though no pr ior  sys temat ic  inves t iga t ion  of  th i s  na ture  has  
been car r ied  out .  It i s  not obvious , however,  whether  such s t ructures  s t rengthen 
glasses  and enhance t h e i r  moduli or act conversely although preliminary investi-  
gations a t  U m L  reported below ind ica t e  a favorable  t rend.  Such  an inves t iga t ion  
cannot be dismissed as academic i n  connection with the enhancement of t he  prop- 
e r t i e s  of g l a s s  f ibe r s  s ince  R.  J. Charles (Ref. 59) has shown t h a t  b o r o s i l i c a t e  
glasses such as Vycor and Pyrex are fully phase-separated when rapidly cooled 
from the  mel t .  S ince  th i s  i s  be l i eved  to  be  a typical spinodal decomposition, 
l i k e  results would be  an t i c ipa t ed  fo r  a l l  spinodal decompositions and, indeed, 
preliminary experiments with fibers drawn from UARL experimental  glass 278, 
whose composition i s  given below, confirm that two-phase separat ion as t h e  
f i b e r  i s  drawn i s  indeed possible.  
To examine the  poss ib i l i t i e s  o f  t h i s  t ype  of approach, UARL has  carr ied 
out a br ie f  pre l iminary  s tudy  in  which f ive experimental  two-phase glasses  
se lec ted  on t h e  b a s i s  of a prel iminary examinat ion of  the l i terature  (Refs .  53-73) 
were melted,  heat treated,  examined by electron microscopic procedures,  and i n  
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two cases Young's modulus w a s  determined before and after heat treatment on 
c i rcu lar  rods  formed by a sp i r a t ion  d i r ec t ly  from the molten glass.  The compo- 
s i t i o n s  of t h e  f ive g lasses  a re  g iven  in  Table  I i n  terms of t h e  a c t u a l  
ingredients  used in  the batch.  
The modulus contained for  these glasses  i s  shown i n  Table I and summarized 
d i r e c t l y  below 
278 279 280 281 282 ""- 
Modulus (mi l l i ons  ps i )  as formed 13.29 11.96 5.56 6.42 5.14 
Modulus (mi l l i ons  ps i )  after heat treatment 15.23 ----- 6.23 _-__ _-_- 
Reference f o r  Composition 61  61 72 63 63 
The results of the electron microscopic  invest igat ions of  these glasses  are  
shown i n  F i g s .  3-16. For  the most par t ,  except  where specif ical ly  noted other-  
wise, the electron micrographs are taken a t  20,000 diameters and comprise 
platinum preshadowed carbon r ep l i cas  of f resh  f rac ture  sur faces  except  for  F ig .  8, 
which i s  a r ep l i ca  of an "as cast" surface.  Parlodion w a s  flowed over the sur- 
face immediately upon f r a c t u r e  so  that atmospheric exposure w a s  h e l d   t o  a minimum. 
Figures 3 through 5 a r e  of f r a c t u r e  samples of UARL g lass  278. This  glass  
and i t s  companion g l a s s ,  UARL 279, s tud ied  below were se lec ted  from an investi-  
ga t ion  or ig ina l ly  car r ied  out  by Hummel, Tien, and K i m  ( R e f .  61) of t h e  opaque 
white glasses that can be obtained in the systems Li20-Ti0  -Si0  and CaO-Ti02- 
Si02 from the separat ion of  immiscible  l iquids .  Their  worg represents  one  of 
the  ear ly  a t tempts  to  explo i t  l iqu id  opac i f ica t ion  in  p lace  of  the  more usual  
prac t ices  of  opac i fy ing  g lasses ,  g lazes ,  and enamels by the  inc lus ion  of gaseous 
or c rys t a l l i ne  pa r t i c l e s  i n  the  v i t r eous  ma t r ix .  F igu re  3 i s  an electron micro- 
graph of a very dense opal glass successfully produced by l i qu id  opac i f i ca t ion  
incorporating droplets of a second immiscible glass i n  t h e  f i r s t  g l a s s  viewed 
as a vi t reous matr ix .  This f igu re  might wel l  pass  for  the  l tc lass ica l l l  s ince  1956 
phase separation photograph since it shows essent ia l ly  only an abundance of 
drople t s  ( spher ica l  e leva t ions)  on an  otherwise featureless background.  Figure 4 
i s  a f rac ture  sur face  of t he  same g lass  a f te r  hea t  t rea tment  a t  8 O O 0 C  f o r  t e n  
hours. The glass  i s  again a dense opal glass and the electron micrograph shows 
droplets of glass 2 now grea t ly  increased  in  s ize  aga in  a background of g l a s s  1 
which has now undergone further decomposition as represented by the  mul t i tude  
of much smaller droplets  present .  In  Fig.  5 the heat treatment has become 
suf f ic ien t ly  ex tended  to  produce  la th- l ike  c rys ta l s  in  a glassy matr ix .  The 
contrast  of Fig.  3 with Fig. 4 would seem t o  confirm that phase separation of a 
second glass can enhance the modulus of t he  g l a s s  s ince ,  as no ted  in  the  t ab le ,  
g lass  278 af te r  hea t  t rea tment  has  a Young's modulus of  15.23 mil l ion psi  in  
comparison t o  i t s  original value of 13.29 mill ion psi .  
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Figures 6-9 are concerned with UARL experimental glass 279. This  glass  , 
a lso  taken from Hummel, e t  a1 (Ref. 61) , i s  very  d i f fe ren t  from  278. The sub- 
s t i t u t i o n  o f  z i r c o n i a  f o r  t i t an ia  i n   t h e  composi t ion resul ts  in  a g l a s s  which 
i s  t ransparent  after melting and cooling t o  room temperature i n  p l a c e  of t h e  
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FIGURE 4. STRUCTURE IN GLASS 
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FIGURE 5. STRUCTURE IN GLASS 
78 
2790 30,OOOX 
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FItiURE 13. STRUCTURE IN GLASS 
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FIGURE 14. STRUCTURE IN GLASS 
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282 FIGURE 15. STRUCTURE IN GLASS 
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FIGURE 16. STRUCTURE IN GLASS 
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very dense opal of UARL 278. Figure 6 confirms the true transparency of t h i s  
g lass  s ince  even at the increased magnif icat ion of 30,000 t h e  micrograph i s  
e s s e n t i a l l y  featureless , representing only a homogeneous g l a s s .  I n  Fig.  7 ,  
taken of a f r e sh ly  f r ac tu red  su r face  of t h i s  g l a s s  after heat  t reatment  a t  900°C 
f o r  3 h r s ,  it w i l l  be  noted that  again t rue glass  immiscibi l i ty  has  developed,  
as evidenced by the  i so l a t ed  d rop le t s  of g l a s s  2 i n  t h e  v i t r e o u s  matrix of g l a s s  1 
and,  indeed,  the glass  is  again a dense opal. Figure 8, t h e  micrograph not based 
on a f r ac tu red  su r face ,  shows the as-cast  surface of g lass  279 a f t e r  h e a t  t r e a t -  
ment f o r  3 h r s  a t  900°C. In  Fig.  9 ,  t h e  complete c r y s t a l l i z a t i o n  p r e s e n t  i n  t h e  
outs ide  sur face  of  the  hea t  t rea ted  specimen has r e s u l t e d  i n  an oriented array 
of massive lath-form crystals. 
Figures 10 and 11 are based on UARL g lass  280, a Vycor-like composition 
se lec ted  by Watanabe,  Noake,  and  Aiba (Ref .  72)  for  invest igat ion.  This  glass  
has the usual composition of t he  Corning Vycor-glass before the second phase 
i s  reached. A s  mel ted,  the glass  forms a completely homogeneous g l a s s ,  as evi- 
denced by the  f ea tu re l e s s  micrograph of Fig. 10.  Af te r  hea t  t rea tment  for  3 hrs  
a t  65ooc, t he  g l a s s  has  lo s t  i t s  p r i s t i n e  b r i l l i a n c e  and now appears  s l ight ly  
opalescent. This opalescence i s  completely  explained by Fig.  11, which shows t h a t  
a second glass phase i s  not  present  in  the  form of ve ry  t i ny  d rop le t s  i n  con t r a s t  
t o  t h e  d r o p l e t s  of glasses 278 and  279. This phase i s  be l ieved  to  be  due t o  a 
spinodal-type decomposition. While the  modulus of t h i s  g l a s s ,  a h igh  boros i l ica te ,  
i s  very low, the phase-separable second glass again raises the value of Young's 
modulus from 5.56 m i l l i o n  p s i  t o  6.23 mi l l i on  ps i .  
Figures 12 and 13 a r e  from UARL g l a s s  281, which, together with UARL g lass  
282, i s  se lec ted  from a study by Levin and Cleek (Ref. 63) of t h e  "Shape  of 
Liquid Immiscibility Volume i n   t h e  System Barium Oxide-Boric Oxide-Silica." 
The composition f o r  UARL g las s  281 i s  se lec ted  from those in  the center  of  the 
spinodal decomposition region while that  for 282 i s  on t h e  edge of t h e  dome. 
Glass 281, as melted and a f t e r  c o o l i n g  t o  room temperature, i s  a dense opal 
similar t o  278. A s  can be seen from Fig.  12,  a s l i g h t  phase separation i s  
apparent.  After heat treatment at 900°C f o r  3 hrs , it w i l l  be  not iced from 
Fig .  13  tha t  a marked growth of t he  i so l a t ed  d rop le t s  of phase 2 has resulted.  
Figures 14 , 1 5  , and 16  are based on g lass  282. As  already mentioned, this 
g lass  i s  chosen  from t h e  edge of Levin and Cleek's (Ref. 63) dome of spinodal 
immiscibi l i ty .  A s  prepared, it i s  again a dense  opal. The monstrous s i z e  of 
the separated l iquid phase 2 i s  apparent i n  bo th  F ig .  14 (7200X)  and Fig.  1 5  
(12,00OX), as i s  t h e  f a c t  t h a t  we  now have d rop le t s  i n  d rop le t s  i n  d rop le t s .  
Figure 16  represents  th i s  g lass  a f te r  hea t  t rea tment  for  3 hrs  a t  6 5 O O C .  
Apparently the very large droplets have now gone in to  so lu t ion  whi le  the  smal le r  
droplets  have continued t o  grow. 
Elements present  in  F igs .  7 ,  12,  and 13  r e su l t i ng  from the fractography 
p r o c e s s   i t s e l f  may best  be understood from t h e  work of Ohlberg, Golob and 
Hollabaugh (Ref. 64)  who showed t h a t  t h e  t a i l - l i k e  s t r u c t u r e s  emanating  from 
the dispersed phase are  re la ted to  the crack front  propagat ion and a re  a f f ec t ed  
by the relat ive values  of  the cohesive s t rength of the dispersed phase and the  
adhesive strength between the dispersed phase and t h e  matrix. The appearance 
of a s ing le  t a i l  emanating from the dispersed phase indicates  that  the cohesive 
strength of this phase i s  weaker than the adhesive s t rength a t  the droplet-  
mat r ix  in te r face ;  A double t a i l  emanating from a dispersed phase indicates i t s  
cohesive strength i s  grea te r  than  the  adhesive s t rength  between the matr ix  and 
the dispersed phase.  Finally,  if  the dispersed phase i s  water soluble and s p e c i a l  
precaut ions are  not  taken,  a f r ac tu re  su r face  w i l l  evidence only depressions 
rather  than the expected elevat ions and depressions characterist ic of adhering 
droplets  and complementary holes .  
Systematic Modifications of Glass Systems Inves t iga ted  
Compositional changes t o  improve workabili ty of "invert" glasses. - m e  
invert  glasses of Tables I ,  11, and I11 while  yielding high moduli , proved 
d i f f i c u l t  t o  f i b e r i z e .  The a v a i l a b l e  g l a s s  l i t e r a t u r e  was s c r u t i n i z e d  i n  an 
attempt to  f ind  those  add i t ions  most l i k e l y  t o  lower the  l iqu idus ,  increas ing  
t h e  working range, and yield viscosi ty  temperature  re la t ionships  sui table  for  
f ibe r i za t ion .  Examination of books and patents  by Weyl and Marboe (Ref. 63) , 
Rawson (Ref. 52) , Stanworth (Ref. 74) , Tiede e t  a1 (Ref. 75 ) ,  Armistead (Ref. 76) , 
Bastian (Ref. 7 7 ) ,  and  Labino  (Ref. 78) yielded the fol lowing suggest ions for  
add i t ives  to  improve t h e  f i b e r i z a b i l i t y  of t h e  UARL "invert" analogues. 
1. B203 - Add B 0 3 ,  possibly as much as the  amount of s i l i c a  p r e s e n t  b u t  
keep t o t a l  of two at  $0 mol % or less  but  probably more than 25 mol %. Effect  
on modulus in  inve r t  g l a s ses  i s  not easy t o  p r e d i c t .  A t  b e s t ,  it w i l l  contr ibute  
s l i g h t l y  more than SiOe but at worst since it i s  known t h a t  i n  s i l i c a  b a s e  
glasses  , t he  B2O3 contr ibut ion depends on (R20-A1203) /B203, it may contr ibute  
nothing. 
B203 in  s i l i ca  base  g l a s ses  dec reases  the  l i qu idus  and v i s c o s i t y  t o  
a marked degree.  In "inverts" it should s t i l l  lower l iquidus but should raise 
v iscos i ty  espec ia l ly  when s u b s t i t u t e d  f o r  C a O  or MgO or  ZnO. 
B203 content should be greater than 8 w t  % t o  i n c r e a s e  s t a b i l i t y  of 
g l a s s  and decrease devi t r i f icat ion tendencies  but  below 13 w t  % t o  p r e s e r v e  
chemical durability. 
B203 should markedly decrease density thus increasing speci-fic modulus. 
2. Bivalent Oxides MgO,  ZnO , C a O  , Be0 , CuO 
MgO - Add  MgO s ince  it increases modulus and the greater  the percentage 
of MgO the longer  the working range of the composition and the lower the melting 
temperature and sof tening point  of t h e  f i b e r  ( 8  t o  15 w t  % MgO). 
ZnO - Behaves l i k e  MgO as judged by r e f r ac t ive  index ,  r e s i s t i v i ty ,  
f luorescence intensi ty ,  speckral  band intensi ty .  Does not  en ter  ho les  l ike  
C a O  but MgO and ZnO both  en ter  network instead.  
Use at least  2 t o  8 w t  % bivalent oxides such as ZnO,  CdO t o  reduce 
tendency of glass t o  d e v i t r i f y .  
ZnO w i l l  improve durabi l i ty  but  w i l l  general ly  increase l iquidus.  
DO not use MgO i n  amount grea te r  than  30% by weight t o  avoid devi t r i -  
f i ca t ion  and ,  fo r  same reason, ZnO must be less than  60% by weight. 
CaO - C a O  and MgO a r e  added t o  keep v i scos i ty  at a minimum and normally 
cannot  be tolerated in  low l iquidus glasses .  Do not l e t  sum of C a O ,  BeO, and 
MgO exceed 55 w t  %. C a O  must be in range of 16 t o  25% by weight t o  p r e s e n t  
d e v i t r i f i c a t i o n  b u t  t h e  lower the  s i l i ca  con ten t ,  t he  lower  th i s  r ange .  C a O  
enters  holes  and increases  densi ty .  
Be0 - Use Be0 i n  range of 10  t o  12% by weight t o  i n c r e a s e  modulus with- 
out attendant devitrif ication problems. 
CuO - Add  CuO i n  amount of 9 t o  10.5 w t  % while  maintaining the rat io  
of t h e  sum of MgO and CaO t o  CuO + A1203 + Fe203 + Ti02 at approximately 1 t o  1 
t o  s e c u r e  low softening and y i e l d  a process capable of forming u l t r a f i n e  f i b e r s  
i n  range of 10  t o  20 mill ionths of an inch. It is  expected t o  y i e l d  molten glass 
having very high interfacial  tension (viscosi ty)  and low surrace tension and 
sof tening point .  
3. A1203 - Use A1203 t o  reduce  tendency  of  glass t o  d e v i t r i f y .  Use A1203 
i n  p l a c e  of S102 t o  i n c r e a s e  modulus. 
4. Other Trivalent Oxides - Fez02 ¶ Mn203. Up t o  3 w t  % Fe203 i s  deemed 
beneficial   to  formation  of  continuous  ibers  but no one can s t a t e  why.  Use 
3 t o  10 w t  % t o  reduce tendency of g l a s s  t o  d e v i t r i f y .  
5. Rare Earth Trivalent  Oxides  such as La20 and Y203 - Our own p r i o r  
experience indicates that  these ingredients markealy increase the modulus but  
tha t  addi t ions  must be  he ld  to  reasonable  amounts so  tha t  the  dens i ty  of t h e  
g lass  does  not become too  high.  Lanthana  adds t o  g l a s s  forming cha rac t e r i s t i c s  
markedly. Yttria i s  too  cos t ly  to  a l low l a rge  add i t ions  i f  t he  g l a s s  i s  t o  b e  
competitive commercially. 
6. Co2O3 - Add small amounts of cobal t  ox ide  to  reduce  devi t r i f ica t ion  
and t o  improve  drawing properties.  Preferred range of use seems t o  b e  2 t o  7% 
by weight. 
7.  Si02 - If any th ing ,  i nc rease  the  S i02  s l igh t ly  to  inc rease  v i scos i ty  
(hold in range 25 t o  40 wt %). 
8. Other  Tetravalent Oxides 
Ce02 - Add t o  each of the compositions t o  i n c r e a s e  modulus, lower 
l iqu idus ,  promote continuous formation of fibers. But do not add r e a l l y  l a r g e  
amounts s ince  it markedly increases density. Fe2O3 i s  no t  t he  fu l l  equ iva len t  
of c e r i a  s i n c e  it does not  have  ident ica l  e f fec ts  on the  l i qu idus .  
Zr02 - Add t o  i n c r e a s e  modulus, improve durabi l i ty ,  decrease  ra te  of 
c rys t a l  fo rma t ion ,  i nc rease  r e s i s t ance  to  dev i t r i f i ca t ion .  Up t o  11 w t  % Zr02 
may be  used. Zr02 w i l l  ra ise  acceptable  working  temperature.  Presumably  the 
Zr02 may be p a r t i a l l y   s u b s t i t u t e d   f o r  Al2O3. 
Ti02 exceed 25% by weight and Zr02 and Ti02 must each alone be below 16 w t  5 .  Ti02 - Add t o  a l l e g e d l y  enhance f iber  formation but  do n o t  l e t  Z r O  + 
Ti0 and Z r 0 2  improve du rab i l i t y ,  l i qu idus ,  v i scos i ty  and decrease 
r a t e  of crysgal formatinn. 
9. Reo's - Use Li20  only.  Possesses a much higher  molalmodulus con- 
t r i bu t ion .  Use i n  presence of Be0 t o  i n c r e a s e  modulus. 
The f i r s t  few a l t e r e d  UARL invert  analogue glass compositions prepared in 
accordance with these suggestions are those of Tables I ,  11, and I11 g las s  
compositions 283 through 303, 309 through 318, 322 through 329,  and 330 through 
349.  While it i s  obvious t h a t  t h i s  t y p e  of research can never be regarded as 
complete or  f in i shed ,  it i s  already abundantly apparent that rules, such as 
those above predicated on experience with glasses comprised of s i l i c a  networks, 
do not  hold for  the non-network " inve r t "  g l a s ses .  In  pa r t i cu la r ,  subs t i t u t ion  
fo r  S i02  f a i l s  t o  dec rease  the  dens i ty  wh i l e  t he  subs t i t u t ion  of CuO 
f o r  Zn markedly  lowers  the  density.  In t h i s  respect the behavior of t he  CuO 
leads  to  fur ther  ev idence  tha t  the  CuO  may a c t u a l l y  e n t e r  t h e  s i l i c a  network 
as suggested by Ram, e t  a1 (Ref. 54)  based on v i scos i ty  measurements of copper 
ruby glasses.  This suggestion that the CuO  may be  p re sen t  i n  the  ac tua l  s i l i ca  
network i n  t h e  form of =Si-0-Cu j u s t  as water  in  g lass  i s  now be l ieved  to  be  
present as ==Si-0-H thus forming smaller flow units than the bigger parent unit 
=Si-0-Si= s o  tha t  t he  v i scos i ty  of glasses containing =Si-0-H or =Si-O-Cu 
should be lower than that of the  respect ive parent  glasses .  
Of B20J 
Attempts t o  produce higher specific moduli glasses through B20 
additions.  - A systematic attempt has been made t o  produce hlgzer specific 
moduli g l a s ses  in  the  UARL cordier i te-rare  ear th  oxide and UARL invert analogue 
glass  famil ies  by subs t i t u t ing  B 0 f o r  s i l i c a .  These two systems  were se lec ted  
because most of the promising high moduli glasses developed by UARL belong to  
one or the  o ther  of  these  f ie lds .  The secondary aims of t h i s  work have been t o  
lower or r a i s e  t h e  v i s c o s i t y  of a given composition in  o rde r  t o  inc rease  i t s  
working r a n g e ,  t o  r a i s e  or lower i t s  sur face  tens ion ,  and ,  in  genera l ,  to  
increase the ease with which g l a s s  f ibe r s  can be mechanically drawn at high 
speed from a given glass .  In  a l l  cases , the primary aim i s  t o  improve t h e  
modulus t o  d e n s i t y  r a t i o .  The addi t ion of the fused boric  oxide i s  also expected 
t o  i n c r e a s e  t h e  s t a b i l i t y  of t he  g l a s s ,  i . e .  cause  a dec rease  in  dev i t r i f i ca t ion  
tendency. 
2 3  
The glasses  of Tables I ,  I1 , and I11 having a s ign i f i can t  amount of bor ic  
oxide content are separated t o  form Table I V  and the compositions expressed i n  
mol % in  p lace  of ac tua l  grams of ingredients.  Table I V  a l so  l is ts  the  dens i ty  
if measured a t  th i s  t ime ,  Young's modulus, s p e c i f i c  modulus  and molal sum. It 
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i s  imed ia t e ly  appa ren t  t ha t ,  i n  gene ra l ,  t he  va lues  fo r  Young's modulus f o r  
t hese  g l a s ses  a re  in fe r io r  t o  many other glasses developed at UARL while  the 
s p e c i f i c  modulus i s  not markedly increased. In addition, these glasses do not 
f i b e r i z e  r e a d i l y .  Two except ions to  these general  remarks are UARL 382  and 383. 
UARL 383 , i n   p a r t i c u l a r ,  i s  the highest  modulus glass yet developed and has the 
h ighes t  spec i f ic  modulus b u t  a t t e m p t s  t o  f i b e r i z e  t h i s  g l a s s  have been unsuccess- 
f u l  t o  d a t e .  Work toward a more complete understanding of the results found for 
UARL 383 i s  in progress.  Another factor encountered in the study of the glasses 
with appreciable borate content i s  t h a t  t h e  a d d i t i o n  of b e r y l l i a   t o  such glasses 
( f o r  example, UARL 387 and 388) does not raise Young's modulus as much as does 
the   add i t ion  of b e r y l l i a   t o  a silica-alumina-magnesia glass. 
Composi$ign&- " " _ gu-i-deposts f o r  ~ ~ " .  fur ther   research  on bery l l ia   conta in ing  
glasses .  - A t  t h e  r i s k  of s t e a l i n g  i n t e r e s t  from t h e  la ter  secions of t h i s  
report  we would l i k e  a t  t h i s  p o i n t  t o  conclude our remarks about compositional 
research by the  inc lus ion  of t he  summary Table V which shows those compositions 
t h a t  seem t o  us t o  i n d i c a t e  t h e  d i r e c t i o n s  w e  should move in  fu r the r  r e sea rch  
on bery l l ia   conta in ing   g lasses .  
- Comqositional i ~ guideqosts .~ fo r fu r the r   r e sea rch  on non-Be0 containing 
glasses .  - Table V I  i s  made up of s e l ec t ed  data for  nonberyl l ia  containing 
g l a s ses  to  se rve  as a counterpart  of Table V .  I t ,  l i k e  Table V ,  r epresents  the  
r e s u l t  of  examination of a l l  o u r  t e s t  d a t a  t o  d a t e .  It i s  ev ident  tha t  of t h e  
several hundred nontoxic glass compositions thus far prepared, only a r e l a t i v e l y  
few point a d i r ec t ion  in  which t o  move t o  o b t a i n  high-modulus high-strength 
nontoxic  glass  f ibers .  F a r  fewer dependable leads are available for the nontoxic 
glass compositions than i s  the case for  the beryl l ia  containing composi t ions.  
For example, examination of Table V shows that twelve of t h e  b e r y l l i a  g l a s s e s  
based on our much studied composition UARL 344 have moduli over nineteen million 
p s i  whereas the  bes t  recent  nonbery l l ia  g lassy  UARL 454 (Table VI) has a modulus 
of 18.93 mi l l ion  ps i .  However, t h i s  new UARL 454 i s  much more workable than the 
antecedent glass,  UARL 270,  and i s  a s t e p  toward catching up with the very 
favorable working characterist ics of t h e   b e r y l l i a   g l a s s  , UARL 344 (Table V) . 
Jus t  as in  the  case  of our earlier experimental  compositions,  once a compo- 
s i t ion has  been selected,  500-gram batches of the  spec i f ied  r a w  mater ia l s  a re  
melted in  h igh  pur i ty  (99.9%) alumina crucibles in a i r  using ki lns  heated by 
Super-kanthal  hairpin  electrical  resistance  elements  Fig. 17. S ta r t ing   mater ia l s  
used are 5 micron par t ic le-s ize  high puri ty  s i l ica ,  high puri ty  a lumina of 325 
mesh, laboratory reagent grade magnesium oxide, 99.9% lanthanum oxalate, and 
other  comparable materials such as reagent grade zinc carbonate or calcium car- 
bonate. These materials customari ly  yield a water-white  opt ical  grade glass  f ree  
of seed, stone and bubbles when properly compounded and held at temperatures of 
1 0 0 0 - 1 6 5 0 ~ ~  f o r  a t  l e a s t  two hours. Less commonly, glasses  may be prepared in  
b e r y l l i a  c r u c i b l e s  i n  air and i n  t h e  same k i l n s ,  or i n  plat inum crucibles  in  air  
i n   t h e   p l a t f o r m   k i l n  which i s  heated by %he high temperature variety of Super- 
kanthal heating elements and can reach temperatures of 1700°c, or i n  t u n g s t e n  
c r u c i b l e s  i n  p u r i f i e d  argon or vacuum atmospheres. Alumina crucibles  of  even 
very  s l ight ly   lower  puri ty  , i .e. , 99.3 t o  99.7% have not proven useful for this 
type of g lass  research .  In  some cases where  makred departure occurs from t h e  
more usua l   op t i ca l   c l a r i t y ,   t he   me l t  may be ground and remelted in  plat inum before 
forming the rods used for  Young Is modulus measurement and before drawing any 
f ibe r s .  S ince  the  r e su l t s  w i th  " inve r t  analog"  compositions  have  been  outstanding 
t o  da t e ,  t h i s  p roposa l  would c o n t i n u e  e f f o r t s  i n  t h i s  f i e l d  of glass  research.  
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Table V 
New Compositional Guide f o r  BeryZlia Containing Glasses 
a 
b ~ e 2 0 3  
23 - - - - - - - - - - - 
CUO 
Al 0 MgO Li20 C a O  ZnO La203 Ce2O3  B2O3 Zr02 Be0  Y2O3 CTi02 Glass Si02 -
273lS2 30 
2 7 5 1 ~ 2 ~ 3  50 




329  20 
3 3 1 1 y 2  39 
336 35 
\o 3 40 25 
34419293 45 
34  52 45 
(9 
347192 50 
348192  50 
3502 33 ?4 
352  25 
36 7 l  39 
36 8 l  39 
370; 39 
371 39 
12  12  12  12 
8.33 8.33 8.33 
8.33 8.33 8.33 
1 5  30 10 
12  24 12  12 
10 20 10   
10 20 10  10 
12 12  
15 10 
10 20 10   
1 5  1 5  
1 5  
8.33 8.33 8.33 
8.33 8.33 
1 3  13 13 13 
10  10 
12  12 
12 6 6 
12 6 6  
12 4 4 4  
12 6 6 
12  12  12 
1 4  0.7 
10 10  10 







10  10   10  
25 12 
30 10 
1 5  10 





10 10  10 
2 25 10 
2 25 10 
2 25 10 
2 25 10  
2 
10 
25 1 0  
1 4  b12 
c 4  
1 4  22 
25 
1 5  b10 
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Table V (Cont ' d)  
Glass  Si02 A1203 MgO Li20 
""
'Fiberizable 
2 ~ o m s  c l e a r  g l a s s  slug 
3Has favorable liquidus 
acuo 
b ~ e  o3 




1 5  10 
1 5  10 
18 10 
18 10  
24.6 
16 1 6  10 
8.33 25 
8.33 25 
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Table V I  
Compositional Guideposts fo r  t he  Development of Nontoxic 
(no BeO) Improved High Modulus Glasses 
Compositions i n  Mol Percent 
a 
CUO 
Glass Si02 A1203 MgO Li20 C a O  ZnO La203 Ce2O3  B2O3 Z r O  Y2O3 bTi02 """"- 2" 
12 5 41.66 25 18.33 
1 2 6 q z  
127q  60 10 20 
12gW 50 13.33 26.66 





Bulk Propert ies  
Young's Spec.  Fiber 
Mod. Mod. Mot. Molar 
d p s i  10%~. 10p s i  sum -"
16.1  161 70.1 
16.8 134 16.15 83.0 
16.1 137 15.2  79.2 
17.91 150 77 .O 
16.5 138 16.7 77.8 
270  25 8 1 5   1 5   1 5   1 5  7 20.25 159 70.13 
29oXYZ  25 8 1 5  1 5  1 5  1 5  7 1 4 . 5  123 14.3 72.2 
P 29lxYz 25 12  12  1   12 1 5  12 15.67 131 13.6 83.0 
0 29gX 25 8 1 5  1 5  7 1 5  1 5  14.6 127  12.8 75.4 
300qz  25 1 5   1 5  15 1 5  1 5  14.45 139 13.4 56.6 
0 
10 19.2 147 79.1 
10 16.0 151  18.6 66.7 
1 5  18.7 142 17.4 85.3 
12.5  20.9 147 83.8 
6 10 "3 19.3 149 76.3 
10 12 b3 22.75 200 64.9 
1 4  12 16.8 139  78.2 
1 4  1 4  "3 b3 17.8  148.5 16.5 83.1 
1 4  1 4  "2 b3 17.2  140.5 16.1 86.2 




12 "2 b3 16.91 133 
12 "2 b3 18.08 148 
12 "2 b3 







Table V I  (Cont'd) 





















Young's Spec.  Fiber 
"CuO Mot. Mod. 
Si02 A1203 MgO Li20 CaO ZnO La203 Ce2O3  B2O3 Zr02 Y203 bTi02 10  psi   107in.  10 p s i  Sum """""- - -"
38 20 
38 6 20 
25 1 5  
25 10 
25 1 5  
25 1 5  
25 1 5  




25 1 5  
25 1 4  
25 1 5  
25 8 15  
25 8 1 5  
25 8 1 5  
25 8 1 5  
6 
6 
1 5  
1 5  
1 5  
10 





1 5  
1 4  




1 5  
10 
1 5  
1 5  
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5 i b e r i z a b l e  
YGood Quality: Glass 
Favorable Liquidus 2 
FIGURE 17. SUPER-KANTHAL  HAIR-PIN KILN USED FOR MELTING  OXIDE  MIXTURES 
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CHARACTERIZATION OF THE NEW EXPERIMENTAL  GLASSES I. 
Many of the  exper imenta l  g lasses  prepared  in  th i s  program are character ized 
by densi ty  measurements, the i r  conduct iv i ty  and v i scos i ty  i n  the molten state,  
d i rec t  op t ica l  observa t ions  of  the i r  k ine t ics  of  c rys ta l l iza t ion ,  es t imated  
l iqu idus  and working range, t h e i r  g l a s s  forming cha rac t e r i s t i c s  and f i b e r i z a b i l i t y .  
This work i s  summarized i n  t h i s  s e c t i o n .  F u r t h e r  c h a r a c t e r i z a t i o n  of t h e  experi- 
mental  glasses w a s  concerned with modulus strength and impact studies and these 
results a re  p l aced  in  a subsequent section. 
Density Measurements 
Density of the experimental  glasses was determined f o r  UARL by t h e  Glass 
Testing Division of the Hartford Division of the mar t  Corporation. For samples 
wi th  dens i t ies  less  than  3.00 gms/cm3 t h e  heavy-liquid-of-known-density com ar i son  
procedure i s  used while for samples with densit ies greater than 3.00 gms/cm 3 
t h e  Archimedean  method i s  employed. The results of a l l  density measurements 
are shown i n  Table VI1 i n  m e t r i c  u n i t s .  The observed densities range from 2.20 
t o  5.22 gms/cm3. Possibly the only noteworthy deviation from predicted densi ty  
i s  provided by UARL 284 where a pa r t i a l  subs t i t u t ion  o f  copper for  z inc lowers  
the  dens i ty  from 3.52 t o  3.23 gms/cm3 but  numerous s m a l l  dev ia t ions  in  dens i ty  
are apparent when the  dens i ty  i s  plot ted against  molal  sum and s t r a i g h t  l i n e  
relationships are only approximately obeyed by these experimental  glasses .  
Electr ical  Conduct ivi ty  Measurements 
To s tudy  the  e l ec t r i ca l  conduc t iv i ty  of the molten oxides as a funct ion of 
time and temperature ,  the glasses  were melted as described above and broken up 
and packed in to  the  tungs ten  c ruc ib le  shown i n  F i g .  18. This crucible , which 
i s  p ic tured  at the conclusion of the  measurement, i s  made t o  s e r v e  as a con- 
d u c t i v i t y   c e l l  by introducing a tungsken ba l l ,  one-quarter inch in diameter , on 
the  end of a tungsten rod into the exact  center  of  the crucible  and by ty ing  
a tungsten rod to  the outs ide of  the crucible  with 25 m i l  tantalum w i r e .  The 
whole assembly i s  then placed in  the tungsben resis tance furnace shown i n  F i g .  19 
and hea ted  un t i l  t he  g l a s s  i s  completely remelted. Power t o  t h e  f u r n a c e  i s  then 
turned off and the  e l ec t r i ca l  conduc t iv i ty  of the molten oxide system i s  
measured continuously through the solidification process as the furnace cools .  
The temperature of the crucible i s  measured at th i r ty - second  in t e rva l s  t o  ob ta in  
the  requi red  da ta  connec t ing  e lec t r ica l  conduct iv i ty  wi th  c rys ta l l iza t ion  or  
lack  of c r y s t a l l i z a t i o n  r a t e s .  
The ac tua l  measurement of t he  e l ec t r i ca l  conduc t iv i ty  is  car r ied  out  by 
connect ing external ly  the UARL "log ohmmeter" descr ibed schematical ly  in  Fig.  20 
t o  t h e  two leads from the  tungsten crucible  conduct ivi ty  cel l .  These leads are 







































Summary of all Density  Determinations f o r  Bulk Specimens 
of UARL Experimental  Glasses 
Density 
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Table VI1 (Cont ‘d) 
Dens it 
Number gns /em3 







458  3.2094 
459 3.4538 
460 3.3785 
461  3.0354 
462 3.3294 




236  3.4629 
2 6 7 ~  2.7322 
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FIGURE 18. TUAGSTEN  CRUCIBLE  CONDUCTIVITY  CELL 
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I 
1 TUNGSTEN PEDESTAL FOR CRUCIBLE 13  PROTECTOR  MECHANISM  FOR  SIGHT 
2 TUNGSTEN CRUCIBLE 14 TOP TANTALUM RADIATION SHIELDS 
3 F L A T  T U N G S T E N  H E A T I N G  E L E M E N T  (4) 15 COOLIN'G WATER IN 
4 TANTALUM RADIATION SHIELDS 16 COOLING WATER OUT 
GLASS 
5 SIDE COPPER COOLING COILS 
6 TOPWATER COOLED ELECTRODE 
SUPPORT CONDUCTOR 
7 SUPPORT PIN FOR TANTALUM SHIELDS 
8 T.0 VACUUM SYSTEM 
9 "0" RING GASKET SEALS 
10 TOP COPPER COOLING COILS 
11 TOP INTERCHANGABLE COVER FOR 
MEASURING  APPARATUS 
12 SIGHT GLASS 
17 BOTTOMWATERCOOLED  ELECTRODE 
18 BOTTOM PLATE FOR MOUNTING 
19 WATER IN BOTTOM ELECTRODE 
20 BOTTOM COPPER COOLING COILS 
21 BOTTOM TANTALUM RADIATION SHIELDS 
22 BOTTOM INTERCHANGABLE COVER FOR 
SUPPORT CONDUCTOR 
MEASURING  APPARATUS 
23 WATER IN TOP ELECTRODE 









RECORDER LOGARITHMIC DETECTOR - 
CONVERTER 
L a N SPEEDOMAX ""- " "- 
NO. 69800 
FIGURE 20, LOG OHMMETER 
ohmmeter of  Fig. 20 i s  des igned   t o  measure r e s i s t ance  from 10-1 ohms t o  ohms 
and generates a d-c s igna l  vo l tage  propor t iona l  to  the  logar i thm of  the  resis- 
tance.  The sca l e  fo r  t h i s  i n s t rumen t  i s  d iv ided  in to  s ix  r anges :  10+6 ohms t o  
and 1 t o  10-1 ohm. Over each range,  the ampli tude of  the s ignal  appl ied to  the 
unknown r e s i s t o r  and the sampling resis tor  are  adjusted so  t h a t  t h e  power 
d i s s i p a t e d  i n  t h e  sample is  less than 500 mi'crowatts, and the sample resistor 
is less than 6.5% of the  r e s i s t ance  be ing  measured. 
10+5 10+5 to 10+3 10+3 t o  10+2 ohms, 10+2 t o  10 ohms, 10 to 1 ohm, 
I n  each range posit ion,  a constant amplitude, 1000 cycle/sec,  s inusoidal  
vol tage i s  a p p l i e d  t o  t h e  unknown and the current through it measured by a 
sampling r e s i s to r .  Th i s  s igna l  i s  passed  through a s e r i e s  of f i l t e r s  c o n s i s t i n g  
of a band-pass f i l t e r  from 800 t o  2000 cycles/sec,  a tw in - t ee  no tch  f i l t e r  a t  
60 cycles/sec and a twin-tee notch f i l t e r  a t  180 cycles/sec in  cascade.  These 
f i l t e r s  e f f e c t i v e l y  remove the  l a rge  amount of no ise  genera ted  in  the  sample by 
the massive (1000's of amperes) 60 cyc le  hea ter  cur ren t  present  in  the  tungs ten  
furnace.  The s i g n a l  i s  then  l inear ly  ampl i f ied  by a guarded amplifier t o  a 
l e v e l  of 0 .5  vol t s  p-p t o  50 v o l t s  p-p v d  used t o  d r i v e  a power ampl i f ie r .  
The power amplif ier  isolates  the guarded amplif ier  from the  de t ec to r .  The d-c 
vol tage from the  de t ec to r  i s  then  appl ied  to  the  logar i thmic  conver te r  which 
puts out a d-c vbl tage proport ional  to  the logari thm of  the input  vol tage.  A 
uni ty  gain operat ional  amplif ier  fol lowing the logari thmic converter  provides  
t h e  low output impedance necessa ry  to  d r ive  the  s t r ip  cha r t  r eco rde r .  
The electrical  conductivity device has been used successfully for several  
of t h e  molten oxide systems. However, t h i s  t y p e  of  measurement did not seem 
as useful  in  select ing those molten oxide systems for  fur ther  s tudy as d id  d i r ec t  
measurements of v i scos i ty ,  k ine t i c s  of c r y s t a l l i z a t i o n  by o p t i c a l  methods and 
moduli  measurements. The program  has  consequently  been  discontinued. 
Viscosity Measurements 
The d e v i c e  i n i t i a l l y  u s e d  t o  measure the  v i scos i ty  of the molten oxide 
systems at high temperature i s  the Brookfield Synchro-Electric Viscometer. 
The p r inc ip l e  of operation of the device i s  simple. A cyl inder  or disc  or 
spindle  i s  ro t a t ed  in  the  f lu id  unde r  t e s t  t h rough  a beryllium-copper spring. 
The def lec t ion  of the  spr ing  i s  read on a d i a l .  The d ia l  reading with the 
usua l  d i sc  i s  mul t ip l ied  by a s imple constant  to  obtain the resul t ing viscosi ty  
a t  t he  pa r t i cu la r  ro t a t iona l  speed  or when spec ia l  des ign  sp indles  a re  used ,  the  
device i s  ca l ibra ted  through the  use  of  o i l s  of known v iscos i ty .  Measurements 
made a t  different speeds are used to describe the complete flow properties of 
the  mater ia l  at hand. 
The Brookfield viscometer had never been used before a t  temperatures as 
high as t h o s e  l i k e l y  t o  o c c u r  i n  t h i s  c o n t r a c t .  However, t h i s  merely  meant t h a t  
the device must be equipped with a long  shaf t  en te r ing  the  furnace  and with a 
spindle of suitable high temperature material. Tungsten w a s  s e l ec t ed  as t h e  
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material f o r  both t.he spindle and shaft because of i t s  known compatibi l i ty  with 
all the molten oxide systems investigated to date,  and Brookfield Engineering 
Laboratories then designed the tungsten spindle shown i n  F i g .  21. This tungsten 
spindle  and the Brookfield viscometer were cal ibrated using the Nat ional  Bureau 
of  Standards s tandard viscosi ty  oi l  "P" by placing an e x a c t  s i l i c a  r e p l i c a  of 
the tungsten.crucible  normally used i n  the constant  temperature  bath shown i n  
Fig. 22, f i l l i n g  t h e  s i l i c a  c r u c i b l e  w i t h  o i l  "P" and running the tungsten 
s p i n d l e  i n  t h e  c r u c i b l e  i n  s u c h  a way as to  exac t ly  s imula te  h igh  temperature 
oGerations as shown i n  Fig.  22.  With th i s  cons tan t  tempera ture  ba th ,  o i l  
temperatures  could be held constant  to  within 2 0.005°C i n   t h e   r a n g e  from -5OC 
t o  +1OT0C.  With th i s  ba th ,  the  ca l ibra t ion  da ta  ob%ained  for  the  tungs ten  
spindle  i s  shown i n  Table V I 1 1  and graphica l ly  in  F ig .  23. 
The v i s c o s i t y  d a t a  f o r  N.B.S. s t a n d a r d  o i l  "Pt' shown as the  fou r th  column 
of Table V I 1 1  was obtained both by taking the data  furnished on t h e   c e r t i f i c a t e  
accompanying our shipment of o i l  "P", p l o t t i n g  it as shown by t h e  s o l i d  l i n e  of 
F ig .  24 ,  t ak ing  the  da ta  furn ished  in  the  a r t ic le  publ i shed  by Sha r t s i s  and 
Spinner (Ref. 79) and p l o t t i n g  it as the dot ted l ine of  Fig.  24,  and ex t rapola t ing  
t h e  s o l i d  l i n e  of Fig.  24 t o  g i v e  a suitably displaced similarly shaped curve.  
Experience gained i n  measuring the  v i scos i ty  of fused  s i l i ca  (Ref .  80) had shown 
th is  procedure  to  be  t rus twor thy .  The completed p l o t  of Fig. 24 i s  then  used  to  
fu rn i sh  the  data tabula ted  in  Table  I X .  
The Brookfield viscometer and tungsten spindle with i t s  elongated shaf t  were 
i n s t a l l e d  on the tungsten resis tance furnace as shown in  F ig .  25. The spindle  i s  
brought- out of the tungsten furnace through a high vacuum f i t t i n g .  O r i g i n a l l y  
the  sp indle  i s  at rest, t h e  ground glass  previously melted in  other  furnaces  is  
p l aced  in  the  c ruc ib l e ,  t he  whole system is evacuated, f lushed with purified 
argon by loosening the vacuum f i t t i n g  and allowing the argon ( a t  a pos i t i ve  
pressure of 5 i n .  of w a t e r )  t o  stream out,  reevacuated and r e f i l l e d  w i t h  p u r i f i e d  
argon. The system i s  hea ted  un t i l  t he  g l a s s  i s  molten as judged by v i s u a l  
examination and the  tungs ten  sp indle  inser te 'd  in to  the  mel t  and posi t ioned a t  
the proper depth.  The temperature of the  furnace  i s  ad jus t ed  to  the  des i r ed  
values and the  v i scos i ty  of the selected experimental  glass  i s  measured a t  t h e  
various temperatures. 
Viscosity-temperature curves were measured f o r  a number of experimental 
glass compositions with the results shown i n  F i g s .  26-34 and as t a b u l a t e d  i n  
Table X and  summarized i n  Table X I .  It i s  immediately apparent that many of 
these experimental glasses have much steeper temperature viscosity curves than a 
t y p i c a l  "hard" glass.  Successful formation of f i b e r s  from  such glasses  requires  
accura te  tempera ture  cont ro l ,  care  in  s iz ing  the  or i f ice  through which the  g l a s s  
is  drawn, and variable speed drawing  equipment. However, with considerable 
a t t e n t i o n  t o  such detai ls  it has proven possible t o  s u c c e s s f u l l y  f i b e r i z e  a l l  of 
these  g lasses  in  our labora tory  us ing  the  equipment descr ibed  in  a l a t e r  s e c t i o n .  
In Table X I  where a l l  of t he  v i scos i ty  data obta ined  to  date i s  summarized by 
l i s t ing  those  tempera tures  at which a given glass has a v i scos i ty  of approxi- 
mately 300 poises ,  it w i l l  be  noted  tha t  the  g lasses  mel ted  to  date have a wide 
range of  refractor iness .  In  general ,  as w i l l  be shown l a t e r ,  o n l y  t h e  more 
refractory of  these glasses  have proven interest ing in  the search for glasses  
t h a t  can be fiberized and which have an unusually high modulus. 
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BROOKFIELD VISCOMETER MODEL: RVT 
CONTAINER DIAMETER: 2 IN. 



















FIGURE 21. LARGE TUNGSTEN SPINDLE USED  FOR HIGH 
TEMPERATURE VISCOSITY MEASUREMENT 
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FIGURE 22. BROOKFIELD  VISCOMETER AND CONSTANT  EMPERATURE  BATH  USED 




Cal ibra t ion  of Large Tungsten Spindle in N.B.S. Standard Oil .  "p" 
Reading 
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FIGURE 23. CALIBRATION DATA FOR LARGE  TUNGSTEN SPINDLE, BROOKFIELD  VISCOhIETER, 
AND STANDARD OIL “P” FROM N. 5. S. 
SAMPLE OF N.B.S. STANDARD- 
OIL “P” USED AT UACRL 
“ 
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FIGURE 24. EXTRAPOLATED  CALIBRATION CURVE FOR N. B. S. VISCOSITY  STANDARD “P” 
Table IX 
Fktrapolated and Cert i f icate  Values  of Viscosi ty  fo r  
N.B.S. Viscosity Standard O i l  "P" 
Temperature OC Visc0sj.t;. (poises) Temperature OC Viscosi ty   (poises)  
30.0 417.8 c e r t i f .  33.36 329 (Ref. 8) 
40 .O 183.3 c e r t i f .  29.50 448 (Ref. 8) 
50.0 86.6 c e r t i f .  26.98 569 (Ref. 8) 
11.98 2,439 (Ref. 8 )  
19.10  1,193 (Ref. 8 )  




FIGURE 25. BROOKFIELD VISCOMETER INSTALLED ON TUNGSTEN FURNACE 
FOR  HIGH  TEMPERATURE VISCOSITY I!.IEASUREMENTS 
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FIGURE 31. EXPERIMENTALLY DETERMINED VISCOSITY-TEMPERATURE RELATIONS 
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FIGURE 34. EXPERIMENTALLY DETERMINED VISCOSITY-TEMPERATURE RELATIONS 
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Table X 
Experimental Determination of Viscosi ty  Individual  R u n s  
Glass Batch No. 1 
Temp. Viscosity 




1333  160 
1348 87 
Glass Batch No. 30 
Temp. Viscosity - O C  (poises  ) 
1247  1310 
1292 76 5 
130 5 557 
1327 365 
1342 281 
1377  193 
1392  186 
1267 954 
Glass Batch No. 24 Glass Batch No. 25 
Temp. Viscosi ty  Temp. Viscosi ty  

























Glass Batch No. 31 
Temp. Vis cos i t y  - O C  (poises  ) 











Glass Batch No. 4 1  
Temp. Vis cos i t y  








Table X (Cont 'd) 
G l a s s  Batch No. 43 
Temp. Viscosi ty  
- O C  (poises  ) 
9 83 2500 
1060 300 
1005 ' 1425 
1030 965 
1080  190 
1103  16 5 






















Batch No. 47B 
Viscosi ty  









Batch No. 49B 
Viscosi ty  








Glass Batch No. 45 




1160 17 5 
Glass Batch No. 48 
Temp. Viscosi ty  - OC (poises  ) 






Glass Batch No. 50 
Temp. V i s  cos i t y  




1078 20 5 
Glass Batch No. 46 
Temp. Viscosi ty  










G l a s s  Batch No. 49 

















Glass  Batch No. 50B 
O C  - (poises )  
924 4600 
947 2000 
968  1150 
980 970 
1004 27 3 
1025 210 
1030 177 
Temp. Viscosi ty  
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Table X (Cont Id) 
Glass Batch NO. 52 
Temp. Viscosity '  - O C  (po ises )  
10 34  4500 
1039 2700 
10 50 1760 
1072 910 
10 83 180 
Glass Batch No. 64 
Temp. Viscosity 

















Glass Batch No. 68 
Temp. Viscosity 



















G l a s s  Batch No. 56 



















Glass Batch No. 65 
Temp. Viscosi ty  























Glass Batch No. 72 
Temp. Viscosi ty  








Glass Batch No. 63-2 
Temp. Viscosi ty  - O C  (poises  ) 
1157 

















Glass Batch No. 66 
Temp. Viscosi ty  
O C  - (poises  ) 
1304 510 
1324 21  5 
1326 20 5 
Glass Batch No. 74 
Temp. Viscosi ty  - O C  (poises  ) 
1240 5300 
1259  1053 
1275 279 
1300 207 
1246  1695 
1262 59 4 
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Table X ( Cont a) 
G l a s s  Batch No. 75 






110 5 275 
1133 19 3 
Glass Batch No. 97 
Temp. Viscosity 
- O C  (poises  ) 
1118  1850 
1145  860 
1153 697 
1173 540 
119 5 19 7 
1185 225 
Glass Batch No. 76 
Temp. Viscosi ty  

















Glass Batch No. 98 







Glass Batch No. 77 
Temp. Viscosi ty  
O C  (po ises )  
1302  1805 
1310  1018 
1315 683 
1320  650 
1322  39 6 



















Summary of Experimental Viscosity Determinations 
Temperature at Which 
Viscosity is Approximately 
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This equipment has also been used t o  o b t a i n  t h e  results f o r  UARL 344, a 
composition which has been produced i n  amounts of 100 mi l l ion  feet of monofilament 
azld inco rpora t ed  in  composi.tes w i th  the  r e su l t s  shown i n  OUT la ter  sec t ions .  
The viscosi ty  temperature  curve for  UARL 344 i s  sketched i n  Fig.  35 and compared 
with 0wens-Corning'"E" g lass  shown i n   t h e  same figure,  although with a d i f f e ren t  
temperature scale.  While t h e  working range of the UARL 344 g l a s s  is not as 
great  as tha t  o f  t he  "E" g l a s s ,  it appears t o  b e  more than  su f f i c i en t  s ince  it 
i s  approximately 100°C. And, indeed, it has proven possible by a va r i a t ion  of 
operat ing parameters  to  draw l a rge  amounts of good qua l i ty  f ibe r s  from t h e  
UARL 344 composition at high rates of speed over a very considerable temperature 
range. 
The e f f e c t  of a progressive change i n  composition i s  readi ly  apparent  in  
Fig.  28  where da t a  i s  p lo t ted  for  four  " inver t"  g lasses .  Addi t iona l  amounts of 
t i t a n i a  and of t h e  potassium-calcium-strontium-barium f rac t ion   progress ive ly  
lower the  working temperature of the glass as can be seen from Table I. 
In the previous sect ion the procedure for  measuring the electr ical  con- 
duc t iv i ty  of the molten oxides as a continuous function of temperature using a 
conduc t iv i ty  ce l l  and cent ra l  "ba l l "  e lec t rode  has  been  descr ibed  in  de ta i l .  In  
t h i s   s e c t i o n   t h e  method of using the vfscometer together with tungsten shaft  and 
s p i n d l e  t o  measure v i scos i ty  a t  various temperatures has likewise been described 
in  de t a i l .  S ince  bo th  systems use the same tungs ten  c ruc ib les  wi th  e i ther  a 
ro t a t ing  tungs t en  sp ind le  o r  t ungs t en  ba l l  i n  t he  exac t  cen te r  of t he  c ruc ib l e ,  
it s t rong ly  sugges t s  t he  poss ib i l i t y  t ha t  t he  two measurements can be made 
simultaneously so  as to  ob ta in  p rec i se  co r re l a t ion .  Numerous methods of making 
"low" f r i c t i o n  e l e c t r i c a l  c o n t a c t  t o  t h e  r o t a t i n g  v i s c o m e t e r  s p i n d l e  and sha f t  
were inves t iga ted  inc luding  ba l l  bear ings  , brushes, and similar methods but 
a l l  methods inves t iga ted  were found to be unsatisfactory because of non-reproducible 
e f f ec t s  on the viscometer readings caused by drag. It does not appear possible, 
t h e r e f o r e ,  t o  make t h e  two measurements simultaneousLy and we sha l l  con t inue  to  
carry them out  separately.  
Direct  Optical  Measurement of Kinetics of Crys t a l l i za t ion  
The direct  microscopic observation of t he  k ine t i c s  o f  c rys t a l l i za t ion  of 
two c rys t a l  spec ie s ,  co rd ie r i t e  and sapphi r ine  or ig ina t ing  in  mol ten  Mg0-A1203- 
Si02 systems w a s  made possible  by the construction of a microfurnace. 
This UARL microfurnace design owes  much t o   t h e  earlier furnace constructed 
by Morley ( R e f .  81) fo r  exac t ly  the  same type research,  namely, the study of 
c r y s t a l l i z a t i o n  k i n e t i c s  i n  m o l t e n  g l a s s .  The microfurnace consis ts  essent ia l ly  
of a platinum-lO$ rhodium tube,  0.250 i n .  O.D.  and with a wall thickness of 
3 mils , which i s  damped between the  two copper bars (0.125 in. x 0.500 i n .  ) . 
A c i r cu la r  she l f  of platinum i s  welded t o  t h e  i n s i d e  of the  tube ,  and the  c ruc ib l e  
i s  placed i n  a 0.128 in .  ho le  in  th i s  she l f .  Cruc ib l e s  a re  f ab r i ca t ed  by cu t t i ng  
platinum tubing (0.125 in. dia with 5 mil w a l l  th ickness)  in to  p ieces  0.065 in .  
long and then pressing them i n  a d i e  so tha t  they  form a 40 degree included angle. 
TEMPERATURE (“C) 
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FIGURE 35. VISCOSITY-TEMPERATURE  CURVES  FOR OWENS-CORNING “E” GLASS COMPARED TO  UARL 344 GLASS 
Figure 36 shows the microfurnace without radiation shielding. Subsequently 
rad ia t ion  sh ie ld ing  was  found necessary and was added by welding two r ings of  
0.057 i n .  Kanthal wire' t o   t h e  nichrome p la t e s  at t h e  two ends of t he  hea te r  
tube.  An inner  sh ie ld  of  4 m i l  platinum-rhodium sheet and an ou te r  sh i e ld  of 
5 mi l  nichrome sheet were welded t o   t h e   i n n e r  nichrome wire  r ing  tha t  i s  on t h e  
lower  n ichrme p la te .  Two 5 m i l  nichrome sh ie lds  were welded t o  t h e  o u t e r  
nichrome wire ring on the  upper  c i rcu lar  nichrome p la t e .  
Figure 36 a l so  shows t h e  1/8 i n .  d i a  copper tubing which is  used t o  supply 
water-cooling t o  t h e  copper e lec t r ica l  connec tors .  The power suppl ied  the  
furnace comes from a filament transformer of 0.975 KVA capaci ty  and a 20 ampere 
Variac. To a t t a i n  a temperature of 1 4 O O 0 C  a current of 140 amperes a t  1.1 v o l t s  
(60 cycle a-c) has proven adequate. 
The entire experimental  arrangement with the exception of t he  power supply 
is  shown i n  F i g .  37. It comprises  the  microfurnace,  microscope  and  camera, 
micromanipulator used to weld and posit ion the thermocouple,  the x-y recorder 
used for plott ing t ime-temperature response of the furnace,  and t h e  3 m i l  
platinum-platinum 10% rhodium thermocouple ca re fu l ly  pos i t i oned  in  the  cen te r  
of the furnace.  Experience has shown that the furnace temperature can be main- 
t a ined  t o  within - + k0C at  125OOC. 
In  ac tua l  u se ,  t he  c ruc ib l e  i s  in se r t ed  in to  the  fu rnace ,  a large fragment 
of g l a s s  i s  p laced  in  the  c ruc ib le  and the crucible then heated. Smaller glass 
f ragments  are  la ter  added t o  completely f i l l  t h e  c r u c i b l e .  The g l a s s  i s  then 
hea ted  un t i l  a l l  of the bubbles disappear and then  cooled  to  the  tempera ture  
s e l e c t e d  f o r . c r y s t a 1  growth observation. The thermocouple i s  then lowered into 
the  mel t  and photographs a re  taken  of  the  c rys ta l s  growing on the  thermocouple 
a t  selected t ime intervals .  Seed crystals  can be grown on t h e  thermocouple by 
placing it i n  t h e  m e l t  and then withdrawing it t o  a cooler  par t  of the furnace,  
a s t e p  t h a t  may or may not be necessary depending on the composition of the 
glass  under  invest igat ion.  High-speed f i lm  i s  used (Polaroid-ASA  3000)  and good 
qual i ty  p ic tures  a re  readi ly  obta inable .  The ac tua l  s i zes  of t h e  c r y s t a l s  i n  t h e  
photographs can readily be obtained by ca l ibra t ing  the  opt ica l  sys tem employed. 
-With t h i s  equipment measurements of t h e  r a t e  of growth of c o r d i e r i t e  i n  
Batch 1 were made and su f f i c i en t  da t a  (Tab le  X I I )  were taken to completely 
de l inea te  a p lo t  of t h e  r a t e  of growth versus temperature (Fig. 38). The fea tures  
of t h i s  curve which are similar to  the  cu rve  expres s ing  the  r a t e  of growth of 
c o r d i e r i t e  i n  Batch 1-B (Fig.  38)  are:  measurable  growth  rates  begin a t  about 
950°, t he  maximum occurs at 1200-1250°, very low growth r a t e s  a t  1375O t o  l L I O o ,  
periods of no measurable growth for  per iods  of  5 and 9 min, and a t  higher 
temperatures  there  are  rates of so lu t ion  of 20F/min. The main d i f fe rence  from 
the growth-rate curve for Batch 1-B i s  t h a t  t h e  growth r a t e  i s  much higher ,  
approximately 5OOrc(lmin as compared t o  about 300 &/,in f o r  Batch 1-B. The 





























Rate of Growth of C o r d i e r i t e   i n  Batch 1 
Rate, /min 











0 i n .  5 min 


































1032 2 2 
1400 2 2 
1334 2 1 
1285 f. 3 
1253 f. 2 
1342 2 3 
1194 2 2 
1412 2 2 
1392 2 3 
1316 5 3 
1407 2 3 
1258 2 3 
1086 5 6 
1128 f. 4 
1101 2 4 
1322.2 2 
1316 2 3 
1363 2 3 
1296 2 3 
1305 2 4 
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FIGURE 38, EFFECT OF  TEMPERATURE ON THE  RATE  OF  GROWTH 
OF  CORDIERITE  CRYSTALS 
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the composition of Batch l-B i s  55 w t  % Si0  , 30 w t  % A120 , and 1 5  wt % MgO. 
The difference in  these composi t ions i s  thag Batch 1 has azout 5 wt % less 
s i l i c a  and 5 wt % more magnesia, and might be expected to have a lower v i scos i ty  
than would Batch l - B  at t h e  same temperature. The m a x i m u m  growth rate of 485 
microns per minute i s  t h e  f a s t e s t  w e  have measured. A t  t h i s  rate of growth 
measurements can be made only  for  very  shor t  times , usual ly  30 t o  90 seconds. 
Figure 38 a l s o  shows t h a t  t h e  rate of growth at the high temperature end 
of the curve approaches the l iquidus temperature tangentially and t h a t  t h e  
curve i s  not symmetrical as the l iquidus temperature  i s  exceeded, t h a t  i s ,  as 
t h e  r a t e  of  growth  changes t o  t h e  rate of  solut ion.  The growth  curve f o r  
Batch l - B  has  th i s  same fea tu re .  Our few data concerning the asymmetry i n  
these curves are supported by a paper presented a t  the annual meeting of t h e  
American Ceramic Society , by Drs. G. S. Meiling and D. R .  Uhlmann ( R e f .  82) .  
These a u t h o r s ,  i n  a paper  en t i t l ed  "Crys ta l l iza t ion  and Melting Kinetics of 
Sodium Dis i l ica te" ,  descr ibe  a pronounced asymmetry in  the  growth- ra te  and melting 
rate curves in  the  v i c in i ty  o f  t he  me l t ing  po in t .  The s c a t t e r  i n  t h i s  c u r v e  a t  
approximately 1325OC is associated with a, change i n   t h e  morphology of t h e  
c rys ta l l ine  aggrega te .  When the melt  i s  seeded a t  this temperature,  only a 
few s ing le .  c rys t a l s  grow on t h e  thermocouple instead of t h e  rounded masses of 
c rys t a l s  which grow a t  lower temperatures. The measurements  of t h e  s i z e  of t h e  
rounded crys ta l l ine  aggrega tes  a re  made by t r ac ing  the  ou t l ines  of the aggregates 
onto t racing paper  and then circumscribing these outlines with a series of con- 
c e n t r i c  c i r c l e s .  It i s  then  easy  to  measure t h e  change i n  r a d i u s  , which 
represents  the  change i n  l e n g t h  of t h e  c r y s t a l s ,  as a funct ion of t ime,  
Al te rna te ly ,  a c i r c l e  can be drawn on the  Polaro id  pr in ts  and then  t ransfer red  
t o  a separate  piece of  paper. This method of measurement cannot be used for the 
c lus t e r s  of s i n g l e  c r y s t a l s ,  which  do not grow with equal  veloci t ies .  The 
measurements on these  c rys t a l s  a r e  made along the length of the prism, and t h e  
m a x i m u m  values  are  reported.  All of our measurements a re  of t he  change i n  
c rys t a l  l eng th  as a function of time and do not  re f lec t  the  amount of g l a s s  which 
has  crystal l ized.  This  i s  because of the occurrence of hollow c rys t a l s  which 
seem t o  occur a t  a l l  temperatures except the higher and lower temperatures; 
t h a t  i s  , at t h e  f a s t e r  r a t e s  of growth. I n  Batch 1, t h e  t h r e e  measurements of 
t h e  r a t e  of so lu t ion  were made upon aggregates of c rys t a l s  and are  not  as 
accurate  as t h e  measurements of t h e  r a t e  of  growth.  This i s  because the crystals  
melt along grain boundaries and d r i f t  away from the thermocouple. However, 
measurement No. 3, a t  a temperature of 1412 f. 2OC, with a value of -380 microns 
per minute i s  su f f i c i en t ly  accu ra t e  so t h a t  it can  be  s t a t ed  tha t  t he  r a t e  of 
solut ion has  a very s teep negat ive s lope.  Solut ion measurements should be made 
upon s i n g l e ,  s o l i d  c r y s t a l s  , which can be grown at temperatures of about 1395O 
i n  Batch 1. 
Severa l  i n t e re s t ing  c rys t a l  hab i t s  have been observed during the devitri- 
f i c a t i o n  s t u d i e s .  The first of these i s  the habi t  that  has  been observed for  
s apph i r ine  in  Batch l-B.  Figure 39 shows sapphirine photographed .at a tempera- 
t u r e  of 1222OC with a magnification of 40 t imes,  while Pig.  40 shows sapphir ine 
c rys t a l s  which were photographed at room temperature at a magnification of 200 
times. This  unusual  crystal  habi t  appears  to  consis t  of two or t h ree  c rys t a l s  
MAGNIFICATION: 40X 
FIGURE 39. SAPPHIRINE  CRYSTALS IN MOLTEN  GLASS AT 1222'C 
I! 
MAGNIFICATION: 200X 
FIGURE 40. SAPPHIRINE CRYSTALS IN GLASS 
joined a t  t h e i r  mid sec t ions .  The work of Keith and Schairer  ( R e f .  83) describes 
sapphirine as occurring as elongated and usual ly  faceted monocl inic  crystals  and 
repor t s  one twinned c r y s t a l  b u t  made no observation of the twinning. O u r  work 
has revealed many dendr i t i c  hab i t s  of sapphirine which are dependent upon t h e  
growth r a t e ,  b u t  our observations are made at temperatures considerably below the 
l iqu idus .  Long hollow prisms of c o r d i e r i t e  have also been observed, similar t o  
those reported by Schreyer and Schairer (Ref. 84). These a r e  shown i n  F i g s .  4 1  
and  42. These photographs were made at room temperature of c o r d i e r i t e  which 
was grown i n  Batch 1. ,The c rys t a l s  i n  Fig.  42 were originally completely solid,  
and became hollow on t h e  ends when t h e  growth r a t e  was increased. It has also 
been possible  to  start  with hol low crystals ,  and grow them at a slower growth 
r a t e   u n t i l   t h e y  become s o l i d .  
The r a t e  of growth of c o r d i e r i t e  i n  Batch 64 was measured, t he  da t a  are 
l i s t e d  i n  Table X I 1 1  and p l o t t e d  i n  F i g .  43. The composition of t h i s  ba t ch ,  
as determined by chemical analysis , i s  51.66 w t  % Si02, 27.92% A120 , 17.2% 
MgO, and  3.12% Y203. The m a x i m u m  r a t e  of  growth  of c o r d i e r i t e  i n  t i i s  g lass  i s  
190 microns per minute, and the l iquidus temperature  i s  1394 + 2O. Crystals 
held at a temperature of 1393 2 2' f o r  20 min showed no measurable change i n  
s i z e ,  and c rys t a l s  a t  a temperature of 1395 2 2 O  had a r a t e  of so lu t ion  of 8 
microns per minute. The c o r d i e r i t e  which was grown i n  t h i s  g l a s s  was nucleated 
with seed crystals  which were suspended i n   d i s t i l l e d   w a t e r  and then  app l i ed  to  
the thermocouple, which w a s  then  lowered  in to  the  g lass  in  the  c ruc ib le ,  jus t  
as i n  t h e  e a r l i e r  measurements. The c o r d i e r i t e  which w a s  grown i n  t h i s  g l a s s  
had the  same c r y s t a l  h a b i t  as t h a t  which was observed i n  Batches 1 and 1-B. 
The  X-ray d i f f r ac t ion  pa t t e rn  w a s  a l so  the  same as f o r  t h e  c o r d i e r i t e  grown 
i n  Batches 1 and 1-B. Sapphirine w a s  a l s o  grown i n  Batch 64 and was apparently 
nucleated by plat inum just  as i n  Batch 1. The sapphirine was allowed t o  
c r y s t a l l i z e  f o r  a longer  per iod of  t ime (3 hrs  at 1165O) than  was t h a t  grown 
i n  Batch 1 and t h e  X-ray d i f f r a c t i o n  p a t t e r n  w a s  of be t t e r  qua l i t y ,  w i th  even 
b e t t e r  agreement with the data obtained from t h e  ASTM cards.  
The r a t e  of growth of c o r d i e r i t e  i n  Batch 63 i s  shown i n  F i g .  44 and the  da t a  
a r e  l i s t e d  i n  T a b l e  X I V .  The composition of  t h i s  g l a s s ,  as determined  by  chemical 
ana lys i s ,  i s  53.5 wt % Si02, 23.08% A12O3, 17.24% MgO, and 5.64% La2O3.  The 
maximum r a t e  of growth of c o r d i e r i t e  i n  t h i s  g l a s s  was 66 microns per minute, which 
i s  about 1 / 3  of t h e  maximum r a t e  observed in  ba tch  64 and about 1/8 of that observed 
in  batch 1. The l iquidus temperature  of  this  glass  i s  1350 2 5'. The smaller 
amount of s c a t t e r  i n  t h i s  d a t a  i s  due t o   t h e  slower growth r a t e s ,  which allow the 
measurements t o  be made over longer periods of time, while  the measurements of 
c r y s t a l  s i z e  can be made with the same precis ion.  It i s  probable  that  sapphir ine 
w i l l  nucleate and grow i n  t h i s  g l a s s  as i n  t he  o the r s ,  bu t  t h i s  has  no t  ye t  been 
determined. 
The r a t e  of d e v i t r i f i c a t i o n  of a glass-forming system i s  usually considered 
t o  be p ropor t iona l  t o  the  amount of undercooling below the l iquidus temperature  
and inversely proport ional  to  the viscosi ty  of  the system. This  suggests  that  the 
slower r a t e  of growth in  ba t ch  1-B, as compared t o   t h a t  observed in  ba t ch  1, i s  
due to  inc reased  v i scos i ty  tiecause of t he  h ighe r  s i l i ca  con ten t .  I n  batch 64 
(see Table XV)for glass compositions, liquidus temperatures, maximum r a t e s  of 
MAGNIFICATION: loox 
FIGURE 41. CORDIERITE  CRYSTALS IN GLASS 
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1281 f 2 
1233 2 
1271 2 3 
1088 - + 4 
1084 f, 2 
974 2 6 
1028 2 4 
1134 2 2 
1030 2 6 
1158 2 4 
1168 2 4 
1186 2 4 
1118 2 4 
1206 2 2 
1096 2 3 
1359 2 8 
1366 5 2 
1378 f 3 
1395 f, 2 
1260 f 4 
1334 2 4 
Table XI11 
Rate of Growth of Cord ie r i t e  i n  Batch 64 
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Temp. R a t  e -
1366 2 4 3 
1393 2 2 0 i n .  20 min 
-1268 2 3 120 
1293 f 7 58 
1279 2 3 100 
1259 2 6 17 5 
1212 - + 2 180 
1261 2 4 175 
1203 f, 2 190 
1216 2 6 17 5 
1048 2 2 41 
1187 2 2 153 
1260 2 4 160 
1252 - + 3 150 
1247 f, 2 16 5 
1333 2 3 8 
1318 2 4 18 
1143 I + .4 125 
1156 2 2 140 
1315 f 2 20 
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959 2 4 
1069 2 2 
1010 + 3 
1272 2 2 
1383 2 2 
1353 2 4 
1294 - + 2 
1331 2 4 
- 
1266 2 2 
1226 + 2 - 
1253 f 2 
1347 2 2 
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Table XV 
Comparative Rates of Cordierite Growth 
in  Several  Glasses  
Batch No. Comp. (wt%) 
1 51.1 Si02 
29.7 A1203 
18.9 MgO 
1-B 55.0 Si02 
30.0 A1203 
15.0  go 










1410 2 3 O  
1435 2 5 O  
1394 2 2 
Temp. of 
Max. Growth Rate , Max. Growth 
CL /min R a t  e 
485 1225' 
300 12250 
190  1225 
66 
Ionic  Radi i  in  Angstroms* 
A1+++ = 0.51 
Mg++ = 0.66 
= 0.42 
Y+++ = 0.92 
La+++ = 1.14 
si++++ 
1180 
*Ahrens, L. H.,  Geochim e t  Cosmochim. Acta, 2, (1952) p. 155-169 
growth and temperatures at which t h e  max imum growth r a t e  occur s ) ,  which contains 
3.1% y t t r i a   i n   a d d i t i o n   t o   t h e   b a s e   g l a s s  of magnesia, alumina, and s i l i c a ,  
the  v iscos i ty  versus temperature  curve (Fig.45)is  not  great ly  different  from 
that  of  batch 1, and y e t  t h e  m a x i m u m  r a t e  o f  growth i n  No. 64 is  less than 
one-half of that measured i n  batch 1. In batch 63, which contains 5.6% lanthana, 
t h e  v i s c o s i t y  i s  much lower than i n  Batches 64 and 1 a t  t h e  same temperature, 
but t h e  m a x i m u m  r a t e  of growth i s  about one-eighth of that  observed in Batch 1. 
These observations suggest that  the maximum r a t e  of c r y s t a l  growth can be 
a f fec ted  by changing the  v i scos i ty  of t he  system or  by adding la rger  ca t ions  
( ion ic  radii a r e  l i s t e d  i n  T a b l e  X V )  which cannot be eas i ly  incorpora ted  in to  the  
c r y s t a l  which i s  growing i n  the glass .  These large cat ions could become concen- 
t ra ted  in  the  g lass  sur rounding  the  growing c r y s t a l  as the  o ther  ca t ions  (Mg++, 
Al+++, Si++++) are being incorporated into the crystal .  The f ac to r s  l imi t ing  the  
maximum r a t e  of c r y s t a l  growth could be the diffusion of Mg++, Al+++', and Si++++ 
t o  t h e  growing crys ta l  and/or  the  d i f fus ion  of  the  fore ign  ions  away from t h e  
crystal-glass  interface.  If t h i s  were the case,  one  would expec t  t ha t  t he  r a t e  
of change i n  s i z e  of t h e  c r y s t a l  as a function of time at a constant temperature 
would decrease as the concentration of foreign ions i n  the glass  increased.  Two 
representa t ive  growth curves f o r  c o r a i e r i t e  i n  batches 1 and 63 a r e  shown i n  
Fig.  46. It can be seen t h a t ,  f o r  these  re la t ive ly  shor t  t imes  , t h e  r a t e  of change 
of c rys t a l  l eng th  i s  l inear as a function of time. It i s  probable  that  measurements 
with the electron microprobe could be useful in elucidating the mechanism by which 
t h e  r a t e  of c r y s t a l  growth  can  be so s ign i f i can t ly  a l t e r ed .  These  measurements 
could show concentration gradients within the glass which surrounds the crystal  and 
also whether t h e   y t t r i a  and the  lan thana  a re  incorpora ted  in to  the  cord ier i te  
c rys t a l .  It i s  w e l l  established that cordierite has channels extending through 
t h e  c r y s t a l  s t r u c t u r e  which a r e  p a r a l l e l  t o  t h e  "c" ax i s ,  which a l so  i s  t h e  
d i rec t ion  of f a s t e s t  growth.  These  channels which can contain alkal i  ions and 
water molecules should a l so  be  ab le  to  con ta in  the  y t t r ium and lanthanum ions.  
It may be possible  that  i f  these  ions  a re  incorpora ted  in to  the  c rys ta l ,  they  
may cause a pe r tu rba t ion  in  a growth step,  such as i n  a screw dislocation 
mechanism. Microprobe  measurements cou ld  a sce r t a in  i f  t hese  l a rge r  ca t ions  a re  
conta ined  in  the  c rys ta l .  
The r a t e  of growth of c o r d i e r i t e  was measured i n  g l a s s  b a t c h  No. 62. The 
composition of t h i s  g l a s s ,  as determined by chemical analysis , i s  53.41 w t  % 
Si02, 25.06 wt % A12O3, 15.36 wt % MgO , and 5.63 w t  % Ce2O3.  The oxidat ion 
s t a t e  of t h e  cerium ion i n  t h i s  g l a s s  was not determined, but i s  reported here 
as Ce203.  The c rys ta l  g rowth- ra te  da ta  obta ined  for  th i s  g lass  are l i s t e d  i n  
Table XVI and a re  p lo t t ed  i n  Fig.  46. It can be seen from Fig. 46 t h a t  t h e  
maximum rate of growth of c o r d i e r i t e  i n  t h i s  g l a s s  i s  about 115 microns per 
minute ;  tha t  apprec iab le  ra tes  of c r y s t a l  growth begin a t  about 1000°C, and t h a t  
the l iquidus temperature i s  1370 2 5 O C .  The maximum growth r a t e  of 1 1 5  microns 
per minute i s  about one-fourth that measured for batch 1 (485 microns per minute), 
but  i s  approximately twice that of batch 63 (66 microns per minute) which con- 
t a i n s  5.6 w t  % La203. This  glass  becomes less  t ransparent  a t  higher temperatures, 
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Growth Data for Cordierite in Batch 62 
Temp. 
1309 2 2 
1369 2 5 
1372 fi 3 
1172 fi 4 
1285 - + 3 
1344 2 2 
1363 2 3 
1328 2 3 
1270 2 2 
974 2 4 
- Rat e 
16.1 




















1256 2 3 
1300 2 4 
1210 + 4 
1107 2 3 
1143 - + 2 
1053 f 2 
- 
1291 - + 3 
1238 - + 3 











cool ing to  lower temperatures ,  the glass  becomes more transparent again.  This 
change i n  transparency is  not so g rea t  as t o  impede t h e  c r y s t a l  growth measure- 
ments. The c o r d i e r i t e  which w a s  grown i n  t h i s  g l a s s  w a s  nucleated with seed 
c rys t a l s  of co rd ie r i t e ,  just as i n  OUT preceding work. The d e v i t r i f i c a t i o n  
product i n   t h i s   g l a s s  w a s  determined t o  b e  c o r d i e r i t e  by means of powder X-ray 
d i f f r a c t i o n ,  
Another feature o f  i n t e re s t  which can be observed in  F ig .  46 i s  tha t  t he  h igh  
temperature end of the curve approaches the liquidus temperature asymptotically 
j u s t  as i n  our other growth-rate curves for cord ier i te .  This  means, of course, 
t h a t  t h e  r a t e  of growth is not continuous with the rate of so lu t ion  as the curve 
passes through the l iquidus temperature,  but that  instead there i s  a more or l e s s  
pronounced  change in  s lope.  This  confl ic ts  with the data of  Swift ( R e f .  8 5 ) ,  which 
were obtained on soda-lime-aluminosilicate  glasses. H i s  measurements  were made by 
two d i f f e ren t  methods, but  essent ia l ly  consis ted of  heat ing the glass  for  cer ta in  
periods of time, then removing it from the furnace and measuring th.e changes i n  
crystal  length microscopical ly  by using a micrometer ocular. Because  of t h e  
discrepancy between our r e s u l t s  and those of Swift ,  it was decided t o  a t t e m p t  t o  
reproduce the data of Swift by using the same glass composition as used  in  h is  work, 
but by using OUT microfurnace, with our methods  of  measurement. Accordingly, a 
soda-lime-aluminosil icate glass was prepared in  a 60 gram batch.  This  glass  was 
melted i n  a platinum crucible a t  approximately 13OO0C f o r  30 min, then removed 
from the furnace and s t i r r ed  wi th  a platinum-20% rhodium s t i r r i n g  r o d  u n t i l  t h e  
g l a s s  became too  v i scous  fo r  fu r the r  s t i r r ing .  The g lass  was reheated and s t i r r e d  
i n  t h i s  manner four more times. The s t i r r i n g  r o d  remained in  the  c ruc ib le  dur ing  
the  rehea t ing  and  s t i r r ing  opera t ions ,  s o  t h a t  no g lass  was removed from the cruci-  
b le  dur ing  the  mixing procedure. The composition of Swift's glass w a s  69 w t  % Si02, 
1 7  w t  % Na20, 1 2  w t  % C a O  and 2 w t  % Al2O3. A chemical analysis of a port ion of 
our glass  gave a composition of 69.46 wt % Si02 , 16.78 w t  % Nap0 , 11.48 wt % C a O  , 
and  2.14 w t  % A1203. The measurements  of t h e  r a t e  of c r y s t a l  growth were measured 
i n  our usual manner , the  crystals  being nucleated with seed crystals  of d e v i t r i t e .  
The devi t r i f ica t ion  product  was iden t i f i ed  a s  dev i t r i t e  by powder X-ray d i f f r ac t ion .  
The sample f o r  t h e  X-ray d i f f r ac t ion  ana lys i s  was obtained by allowing glass con- 
t a ined  in  a micro-cruc ib le  to  c rys ta l l ize  for  1 4  hrs  at 925OC, a temperature near 
which the  h ighes t  c rys t a l  growth ra te  occurs .  A ra ther  weak d i f f r a c t i o n  p a t t e r n  was 
ob ta ined  fo r  t h i s  sample, but the pattern contained a l l  of t h e  d i f f r a c t i o n  l i n e s  
f o r  d e v i t r i t e  (Na$a+i6018)  except f o r  a few of t h e  l e s s  i n t e n s e  l i n e s .  Some of 
t h e  i n t e n s i t i e s  on our  pa t te rn  do not match those from the  ASTM c a r d ;  t h i s  may be 
due i n  p a r t  t o  t h e  d i f f i c u l t y  i n  e s t i m a t i n g  t h e  i n t e n s i t i e s  of our r a t h e r  weak 
pa t te rn .  Because  of t h i s  d i sc repancy  in  in t ens i t i e s ,  t he  X-ray d i f f r ac t ion  da ta  
are  presented in  Table  WII.  
The crystal  growth-rate  data f o r  our soda-lime-aluminosilica glass are pre- 
s e n t e d  i n  Fig. 47 and a r e  l i s t e d  i n  T a b l e  XVIII. Also shown i n  F i g .  47 i s  t h e  
growth-rate data of Swif t  for  a g lass  of t h e  same composition and t h e  data of 
Milne ( R e f .  86) f o r  a g lass  of near ly  the  same composition , t he  main difference 
b e i n g  t h a t  s i l i c a  i s  subs t i tu ted  for  the  a lumina ,  so t h a t  Mi1nel.s glass  contains  
72 w t  % Si02, 16 w t  % Na20 , and 12  w t  % C a O .  Our data and t h a t  of Swift and Milne 
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Table XVII 
X-Ray  Diffraction  Data for Devitrites 
Na2Ca3Si6O16(ASTM) Devitrification 
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FIGURE 47. EFFECT OF  TEMPERATURE  UPON  THE  RATE  OF  GROWTH OF DEVlTRlTE 
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Table XVlII 
















900 2 5 
872 - + 4 
794 2 3 
1004 - + 4 
990 2 3 
947 2 4 
836 2 3 
1003 2 3 
979 2 3 
1026 2 2 





























748 - + 4 
963 2 2 
916 5 3 
978 2 2 
978 2 3 
932 2 4 
925 2 2 
1014 - + 2 
983 2 4 
1011 2 3 
1012 2 2 
1011 2 2 
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(when extrapolated)  give very near ly  the same liquidus temperature, and it appears 
t ha t  t he  da t a  would a l so  agree  i f  extrapolated to  the temperature  (about  75OoC) 
where measurable c r y s t a l  growth begins. O u r  ra te  of  so lu t ion  measurements a r e  
a l so  i n  very close agreement with those of Swift .  The most important differences 
are t h a t  d i f f e r e n t  maximum ra t e s  o f  growth are obtained, and t h a t  o u r  r a t e  of 
growth curve i s  not continuous with the rate of solution curve through the l iquidus 
temperature but instead exhibits a change i n  s l o p e  i n  t h i s  r e g i o n .  The high 
temperature end of our growth-rate cui-ve and t h a t  of Milne (which i s  presumably 
f o r  t h e  r a t e  of growth of d e v i t r i t e )  c a n  b e  f i t t e d  t o  a s t r a i g h t   l i n e   i n   t h i s  
temperature region, but since no rate of  solut ion measurements were p lo t t ed  by 
Milne, no fu r the r  comparison i s  possible regarding the shape of t h e ' r a t e  of devit- 
r i f ica t ion  curve .  A further examination of devitrification curves as obtained 
by Swift and rep lo t ted  here  is  possible  by r e fe rence  to  F ig .  48, which includes 
da ta  for  3 glasses  with 0 ,  2, and 4 wt % A1203 s u b s t i t u t e d  f o r  s i l i c a .  The g l a s s  
with 2 w t  % A1203 i s  the  same as t h a t  shown in  F ig .  47. It can be observed i n  
Fig. 48 t h a t  t h e  data used t o  draw the curves are fewer in number than those obtained 
in  our  work and  by Milne. I t  should also be not iced that  the low temperature 
end of the curve for  the 2 w t  % A1203 glass  is concave upward, while any such 
curvature  for  the 0 and 4 w t  % A1203 glasses  i s  much l e s s  pronounced. All of 
our observations indicate that there may be at 1eas t . two types  of  devi t r i f ica t ion  
curves,  one exemplified by our r e s u l t s  on the soda-lime-aluminosil ica glass.  
and the  o ther  by the data  obtained on the cordierite-composition based glasses.  
In the former,  the high temperature end of the curve can be f i t t e d   t o  a s t r a i g h t  
l i n e ,  which may have a more or l e s s  pronounced change in  s lope  as the curve passes 
through the liquidus temperature. In the other type of curve, the high temperature 
end of the curve i s  not l inear with temperature,  and there  i s  an asymptotic approach 
to  the l iquidus temperature .  The data obtained for these cordierite composition 
based glasses contain much more sca t te r  than  do t h e  data obtained on t h e  soda- 
l ime-aluminosil ica  glasses,  which  were taken a t  much lower  temperatures. The 
difference in  the l iquidus temperatures  i s  350 t o  4OO0C. 
These soda-lime-aluminosilicate glasses have maximum growth r a t e s  f o r  
d e v i t r i t e  of 11 t o  about 18 microns per minute. This i s  about one-fourth of 
t he  growth r a t e  observed for  cordier i te  in  batch 63 (66 microns per minute) and 
much smaller  than that  measured in batch 62 (11.5 microns per minute). This rather 
large difference i s  probably due t o  t h e  much h ighe r  s i l i ca  con ten t  i n  the  soda- 
l ime-aluminosil ica glasses.  A comparison  of more importance  can  be made between 
the  growth ra tes  for  ba tches  63 and 62, which have t h e  same content of SiO2. 
The d i f f e rence  in  the  growth r a t e s  i n  these  g l a s ses  appea r s  t o  be  inve r se ly  pro- 
p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  t h e  i o n i c  s i z e  of the  ra re-ear th  ion  which i s  
added t o  t h e  o t h e r  components i n  t h e  g l a s s .  Thus , lanthanum ( in  ba t ch  63) gives 
a much s lower  dev i t r t f i ca t ion  r a t e  t han  does cerium ( i n  b a t c h  62) when present 
i n  t h e s e  g l a s s e s  i n  e q u a l  amounts.  Comparative  temperature-growth  curves  which 
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FIGURE 48. EFFECT OF TEMPERATURE UPON THE RATE OF  GROWTH  OF DEVlTRlTE 
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Role of Lanthana in  Kine t i c s  of Crys t a l l i za t ion  of 
UARL Cordier i te  Based Glasses 
I n  t h e  q u a r t e r l y  s t a t u s  r e p o r t s ,  r a t e s  o f  c r y s t a l  growth of c o r d i e r i t e  have 
been presented as funct ions of  temperatures  for  var ious glasses .  The compositions 
of some of  these glasses  consis t  of M g O ,  Al2O3, and Si02,  and in  other  glasses  
about 5 wt % of a rare  ear th-oxide.  These glass compositions and t h e  maximum 
r a t e s  of growth of c o r d i e r i t e  a r e  l i s t e d  below: 
Batch - 1 1-B 62 63 64 
w t  % MgO 18.9 15.0 15.36 17.24 17.20 
wt % A1203 29.7 30.0 25.06 23.08 27.92 
w t  % Si02 51.1 55.0 53.41 53.50 51.66 
w t  % R203 0 0 5.6 Ce2O3 5.6 La203 3.12 Y2O3 
growth rate,  max. 485 300 117 66 190 
If these compositions are recalculated so as to  cons ider  on ly  the  MgO-A1203- 
S i02  r a t io s ,  t he  r e su l t s  a r e  as l i s t e d  below: 
Batch 1-B 62 63 64 - 
wt % MgO 18.9 15.0 16.3 18 .3  17.8 
w t  % A1203 29.7 30.0 26.7 24.6 28.8 
w t  % Si02 51.0 55.0 57.2 57 -1 53.3 
It can be seen from these tabulations that the much lower r a t e  of dev i t r i -  
f i c a t i o n  i n  b a t c h  63 i s  not due t o  t h e  h i g h  s i l i c a  c o n t e n t  , because batch 62 
has  near ly  the same s i l i c a  c o n t e n t  , less magnesia and more alumina. Further, 
batch 1-B has similar MgO-Al203-Si02 r a t i o s  as does, batch 63, but has a maximum 
rate  of c r y s t a l  growth of 300 microns per minute as compared t o  66 microns per 
minute i n  batch 63. A s  a consequence of these observat ions it was decided t o  
use the electron microprobe to determine i f  t h e  mechanism by which t h e   d e v i t r i -  
f i c a t i o n  r a t e  i s  so al tered could be found. Spec i f i ca l ly ,  it was d e s i r e d  t o  
determine i f  t h e  l a r g e  lanthanum ions  in  ba tch  63 could be incorporated into 
t h e  c o r d i e r i t e  c r y s t a l s  i n  any manner and, if not ,  to  de te rmine  i f  the  lan thana  
would be concentrated i n  an area sur rounding  tha t  par t  o f  the  c rys ta l  which is 
growing the fastest .  Accordingly,  a sample  of g l a s s  from batch 63 was  p l aced  in  
a c ruc ib le  i n  the microfurnace, and a c l u s t e r  of  hol low cordier i te  crystals  
(Fig. 50a) were grown at  a temperature of 1290 2 5 O C ,  which corresponds t o  a 
ra te  of growth of about 5 microns per minute. The c ruc ib le  was then removed 
from the microfurnace, embedded i n   b a k e l i t e ,  and then sectioned and polished 
so t h a t  t h e  c r y s t a l s  were exposed on the  pol i shed  sur face .  I n  order  to  be  
c e r t a i n  t h a t  t h e  c r y s t a l s  were exposed on the pol ished surface,  it w a s  necessary 
t o  e t c h  t h e  sample (as shown in  F ig .  sob ) ,  and then  repol i sh  it fo r  t he  e l ec t ron  
microprobe analysis. 
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FIGURE 50. LIGHT PHOTOMICROGRAPHS SHOWING THE APPROXIMATE  LOCATIONS OF BEAM 
SCAN ANALYSES 
This specimen preparat ion i s  necessary because the electron microprobe 
analyzer can sample the specimen only t o  a depth of about two microns. The 
microprobe u t i l i z e s  a h i g h   e n e r a  (20 kv) e lec t ron  beam which can be focused 
t o  a spot  one micron i n  diameter on the surface of the specimen. This spot 
can be viewed with an optical microscope so t h a t   t h e  specimen can be analyzed 
i n  t h e  d e s i r e d  area. The high energy electrons impinging upon the specimen 
cause the const i tuent  e lements  to  emit  character is t ic  X-rays. These X-rays 
may be analyzed with respect t o  wavelength and intensi ty  to  yield spectra  from 
which q u a l i t a t i v e  and quant i ta t ive analyses  may be made. This i s  accomplished 
by d i f f r ac t ing  the  X-rays with a c r y s t a l  and measuring them with an appropriate 
detector .  The output of t h e  de tec tor  i s  channeled through electronic signal 
processing equipment t o  a s t r ip  cha r t  r eco rde r .  The record from the s t r i p  
chart recorder thus contains peaks whose location and amplitude are proportional 
t o  t h e  elements present i n  t h e  sample. By tuning the spectrometer  to  a spec i f i c  
s p e c t r a l  l i n e ,  sweeping t h e  beam across  the sample and d isp lay ing  the  de tec tor  
output on an oscil loscope, a p ic ture  of  the  e lementa l  d i s f r ibu t ion  can be shown. 
This can then be photographed to  p rov ide  a permanent record,  as shown i n  
Figs. 51a and 5lb f o r  lanthanum  and aluminum. Specimen current  iin&es may a l so  
be photographed from the osc i l loscope .  In  this measurement , t ha t  po r t ion  of t he  
e lec t ron  beam which pene t r a t e s  i n to  the  sample gives r ise  t o  a current f low which 
i s  proport ional  to  the atomic number of t h e  elements upon which t h e  beam i s  
impinging. In t h i s  measurement, the darker  areas  are  composed of  elements 
having a lower atomic number than  a re  t h e  l i g h t e r  areas, as shown i n  F i g s .  5la 
and 51b. The electron microprobe analyses of t h e  c o r d i e r i t e  c r y s t a l s  grown i n  
batch 63 consisted of specimen current, lanthanum X-ray, and aluminum X-ray 
images-which were recorded on Polaroid film, and lanthanum dis t r ibh t ion  scans  
across  selected areas which provided a more accurate  measurement of the  lanthanum 
dis t r ibut ion than could be obtained from the pictor ia l  representat ion.  The paths 
which were scanned a r e  shown i n  F i g .  52 and the  scans  a re  shown i n  F i g s .  53a, b ,  
c ,  d ,  e ,  and f .  
The specimen current  images show tha t  the elements comprising the crystals 
a r e  of lower  atomic numbers than the  elements  const i tut ing the matr ix .  This i s  
because t h e  c rys ta l s  conta in  more alumina and s i l i c a  and less magnesia than does 
the  g lass  mat r ix ,  and also because,  as shown i n  F i g .  51a, t he  c rys t a l s  con ta in  
very l i t t l e ,  i f  any,  lanthanum.  Figures 5la and 5lb a l so  show t h e  enrichment 
i n  aluminum i n  t h e  c r y s t a l s  as compared t o  t h e  g l a s s  m a t r i x .  The area shown 
i n  F i g .  5lb i s  t h e   a r e a   i n  which scans were made i n   o r d e r   t o  determine the 
lanthanum d i s t r i b u t i o n ,  and Fig.  52 is  a schematic representation of t h e  paths 
scanned by the  e l ec t ron  beam s o  as t o  g e t  t h e  d i s t r i b u t i o n  o f  lanthanum i n  and 
surrounding the crystals.  Figure 52 i s  drawn accurately with r e s p e c t  t o  s c a l e  
so  that the  separa t ion  between scans i s  12.7 microns. The scans were concen- 
t ra ted  near  the  end of t h e  hollow c r y s t a l ,  which was , of course,  the area where 
t h e  f a s t e s t  r a t e  of  growth was occurring. The r e s u l t s  of the scans are  shown 
i n  Figs .  53a, b ,  c ,  d, e ,  and f .  Scans 1 and 2 i n  F i g .  53a show that the c r y s t a l  
c o n t a i n s  v e r y  l i t t l e ,  i f  any, lanthanum while the center portion i s  enr iched  in  
lanthanum up t o  about 7 o r  8 w t  %. Scan 3 contains only one s i d e  of t he  c rys t a l ,  
and shows about 7 or  8 w t  % La 0 immediately adjacent t o  t h e  c r y s t a l  and a 
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FIGURE 51A. ELECTRON BEAM  SCAN ANALYSIS OF AREA 1 AS INDICATED  IN  FIG. 50. 
TH'E  CRYSTALS APPEAR  DARKER INDICATING  THEM TO BE OF LOWER ATOMIC NUMBER 








FIGURE 51B. ELECTRON BEAM SCAN ANALYSIS OF AREA 2 AS INDICATED IN FIG. 50 
THE LANTHANUM  DISTRIBUTION SCANS  WERE ALSO OBTAINED  IN  THIS AREA 
(REF. FIG. 52) 








FIGURE 53a. LANTHANUM  DISTRIBUTION SCANS ACROSS PATH SHOWN  SCHEMATICALLY IN FIG. 52 
SCAN 2 
FIGURE 53b. LANTHANUM  DISTRIBUTION SCANS ACROSS P A T H  SHOWN SCHEMATICALLY IN FIG. 52 
. 
SCAN 3 
FIGURE 53c. LANTHANUM  DISTRIBUTION SCANS  ACROSS PATH SHOWN SCHEMATICALLY IN FIG. 52 
SCAN 4 
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FIGURE 53e. LANTHANUM  DISTRIBUTION SCANS ACROSS PATH SHOWN SCHEMATICALLY  IN FIG, 52 
SCAN 6 
FIGURE 53f. LANTHANUM  DISTRIBUTION SCANS ACROSS PATH SHOWN SCHEMATICALLY  IN .FIG. 52 
scanned by t h e  beam from t h e  edge of t h e   c r y s t a l   t o   t h e  end of the  scan  i s  about 
60 microns, which means t h a t   t h e  beam passed by the end of t h e   o t h e r   s i d e  of 
the crystal  about  3 microns away from the end, without showing any i n c r e a s e  i n  
the concentration of lanthanum.  Scan 4 i s  near ly  the  same as scan 3, and shows 
about 7-8 w t  % La203 ve ry  nea r  t he  t i p  of t h e   c r y s t a l  which decreases l inearly 
away from t h e  c r y s t a l  edge. Scans 5 and 6 show no v a r i a t i o n  i n  t h e  La203 con- 
tent  throughout  the scan.  
The r e s u l t s  show t h a t  t h e  lanthanum is d i f fus ing  away from the  c rys ta l -g lass  
i n t e r f ace  a t  the  ends of t he  growing c r y s t a l  and t h a t  i f  a lanthanum enriched 
zone i s  present ,  it i s  less than one  micron in  th i ckness .  The analyses do  show 
t h a t  t h e r e  i s  a lanthanum enriched zone within the hol low port ion of  the crystal ,  
i n  which the only diffusion path i s  toward t h e  open  end  of t h e  c r y s t a l .  The 
mechanism by which t h e  lanthanum i o n  a l t e r s  t h e  r a t e  of c r y s t a l  growth may be 
an adsorption of lanthanum ions on t h e  growing c rys t a l  f ace ,  and apparently i s  
not due t o  a th i cke r  lanthanum enriched zone wi th in  the  g lass .  
Estimation of Liquidus and Working Range 
The direct  microscopic  observat ion of  the kinet ics  of c rys t a l l i za t ion  o f  
molten oxides as wel l  as t h e  d i r e c t  measurement of t h e i r  l i q u i d u s  and the  
est imat ion of  their  working range i s  readi ly  poss ib le  by means of a microfurnace 
and i s  invaluable  in  deciding which experimental glass compositions are likely 
t o  f iber ize   readi ly .  
During th i s  repor t  per iod ,  many of t h e  new experimental  glasses were charac- 
t e r i zed  by opt ical  examinat ion in  UARL's microfurnace. These characterizations 
essent ia l ly  cons is ted  of  evaluat ing those propert ies  of  the glasses  which a re  of 
importance i n  forming f i b e r s .  The propert ies  consis ted of  the l iquidus tempera- 
t u r e ,  and the temperature at which t h e  v i s c o s i t i e s  o f  t he  g l a s ses  were e q u a l  t o  
1000 and 100 poises .  The rate of c r y s t a l l i z a t i o n  was  also noted a t  a temperature 
of 50° below the l iquidus temperature.  This temperature was se lec ted  on the  
basis of our  ear l ier  examinat ions,  which revea led  tha t  a t  such a temperature a 
f a i r ly  h igh  ra te  of c r y s t a l  growth would occur. 
The l iquidus temperature was determined by f i l l i n g  t h e  c r u c i b l e  w i t h  t h e  
g l a s s  i n  t h e  same manner as used in  the determinat ions of  the rate  of  crystal  
growth. The g lass  w a s  heated until homogenized  by convection currents, and then 
cooled t o  a l low crys ta l s  to  nuc lea te  and grow t o  a few t ens  of microns i n  diameter. 
The crucible  i s  then reheated unt i l  the  crystals  disappear ,  the temperature  i s  
noted and the process  i s  then  r epea ted  un t i l  a sa t i s fac tory  l iqu idus  tempera ture  
i s  obtained. The v i s c o s i t i e s  of the experimental  glasses  were estimated by corn-. 
par ing their  behavior  when s t i r r e d   w i t h   t h e  thermocouple with that of a standard 
g lass .  "E" g l a s s  was used as the s tandard,  and the viscosi ty  versus  temperature  
data  of Tiede (Ref. 87) were used to  obta in  the  tempera tures  at which the  v i scos i ty  
of E g lass  was 1000 and 100 poises .  The v i s c o s i t i e s  which a r e  e s t i m a t e d  i n  t h i s  
manner are not exact measurements, of course,  but should be of v a l u e  i n  drawing 
fibers of these   g lasses  , and these  were obtained by hea t ing   t he   g l a s s  above 
the l iquidus temperature  until all of  the  c rys ta l s  were melted, and then lowering 
the  tempera ture  to  50° below the l iquidus temperature  and not ing  the  rate of 
c r y s t a l  growth which occurred i n  a 10 min in te rva l .  This  rate is  r e p o r t e d  i n  
semiquantitative terms, such as slow, moderate, and rapid. A rap id  growth rate 
would be measured i n  hundreds of microns per minute and a slow r a t e  would be 
measured i n  a f e w  t ens  of microns per minute, or less. Even with the precaut ions 
outlined above, the results of  l iquidus est imat ion may be  ve ry  g rea t ly  in  e r ro r  
85 pointed out by Hafner ( R e f .  51). 
The da ta  co l lec ted  from many of the experimental  glasses is  shown i n  
Table XIX.  For some of the  miss ing  g lass  numbers i n  the range of the current 
tes ts ,  UARL 333 through UARL 377, only  par t ia l  da ta  could  be  obta ined  or t h e  
l iquidus was too  h igh  for  range  of operation of the microfurnace or t he  g l a s s  
too s t rongly absorbing to  permit  such visual  observat ions.  The s igni f icance  
of the data  obtained can be seen from t h e   f a c t   t h a t  UARL 370, 371, and 372 
proved very suitable for mechanically drawn f ibe r s .  
Evaluation of Glass Forming Charac te r i s t ics  and 
F ibe r i zab i l i t y  on UARL Experimental Glasses 
The oxide mater ia ls  previously melted in  the ki ln  using the procedures  des- 
c r ibed  ea r l i e r  i n  th i s  r epor t  fu rn i sh  the  s t a r t i ng  ma te r i a l s  u sed  in  th i s  phase  
of our research. From the  p rev ious  f i r i ng  in  the  k i ln  they  have emerged e i t h e r  
as fu l ly  mel ted  and f ined  g lasses ,  g lass  and in t e rpene t r a t ing  c rys t a l l i ne  masses, 
or materials that appear similar t o  c l i n k e r s  or cinders .  One chooses a s u f f i c i e n t  
amount of t h i s  m a t e r i a l  t o  f i l l  a 15 mil l i l i t e r  p l a t inum c ruc ib l e  and t h i s  m a t e r i a l  
i s  then crushed or ground t o  approximately 1 0  mesh s i z e  and p laced  in  the  p la t inum 
crucible .  The platinum crucible then is  placed on the motor-driven platform of 
the Super-kanthal hairpin furnace and this  furnace platform i s  r a i s e d  u n t i l  t h e  
c ruc ib le  i s  i n  t h e  c e n t e r  of t h i s  fu rnace ,  whose temperature i s  already at the  
desired value.  The c ruc ib le  i s  held at th i s  tempera ture  for  a time varying from 
one-half hour t o  two hours dependent on the original condition of the charge and 
i s  then lowered as rapidly as possible .  A s  soon as the  c ruc ib l e  emerges  from t h e  
furnace,  one man grasps it i n  h i s  t o n g s  and a second man dips a twenty m i l  
platinum wire into the molten glass and runs away from the  c ruc ib l e  as rap id ly  
as poss ib l e .  Usua l ly  in  th i s  manner it i s  p o s s i b l e  t o  hand  draw a g l a s s  f i b e r ,  
2 t o  5 m i l s  i n  d i ame te r  and  th i r ty  to  fo r ty  f ee t  l ong ,  i f  t he  g l a s s  i s  t o  b e  
termed read i ly  f ibe r i zab le .  The Super-kanthal  hairpin ki ln  used in  this  experi-  
ment readi ly  obtains  a temperature of 1800Oc i n  a i r .  
I n  the simple fashion described above or by a t tempt ing  to  form but tons by 
pouring glass out of the crucible it is usua l ly  poss ib l e  to  ob ta in  some crude 
idea concerning the working characteristics of the experimental  glass.  Indeed, 
tables of such working characteristics for various glasses were i n c l u d e d  i n  our 
two previous summary repor t s .  A s  our experience in mechanically drawing f i b e r s  
Table X I X  
Liquidus Temperature and Working Character’istics of 











































































































Rate of Growth 









rap id  
rap id  
rap id  
very slow 
moderate ( 2  types ) 
slow 
no c rys t a l s  
moderat  e 
no c r y s t a l s  
no c r y s t a l s  
no c r y s t a l s  
no c r y s t a l s  
slow 
rap id  
no c r y s t a l s  
no c r y s t a l s  
no c r y s t a l s  
no c r y s t a l s  
no c r y s t a l s  
f e w  c r y s t a l s  
f e w  i s o l a t e d   c r y s t a l s  
no c r y s t a l s  
moderate t o  slow 
no c rys t a l s  
f e w  l a rge  c rys t a l s  
rap id  
moderate 







































1340  1422 
1315 1406 
1520 1400 
1290 141 4 
1380 1500 
too opaque too opaqne 
too opaque too opaque 
1290 1460 
1300 1420 




9 51 1150 
933  1222 
Rate of Growth 
50° below Liquidus 
Temperature 














f e w  i so la ted  c rys ta l s  
a very few i so l a t ed  
none 
none 
a very few i so l a t ed  






continues t o  accumulate w e  f i n d ,  however, that  crude tests of t h i s  t y p e  are 
insu f f i c i en t ly  se l ec t ive  to  a s su re  the  p roduc t ion  of high quali ty f iber  by 
our simple mechanical drawing procedures. Much more informative are d i r e c t  
microfurnace observations of l iquidus temperature and rates of d e v i t r i f i c a t i o n .  
Also equal ly  helpful  are studies involving the pouring and control led anneal ing 
o f  l a rge  g l a s s  pa t t i e s ,  3 t o  4 i n .  i n  dia and 3/8 t o  5/8 in .  t h i ck .  The r e s u l t s  
of a typical  s tudy of  t h i s  kind conducted for us by t h e  Glass Testing Laboratory 
of the Hartford Division of the Emhart Corporation are shown i n  Table XX. The 
superior  working cha rac t e r i s t i c s  of  g lasses  conta in ing  e i ther  cer ia  or lanthana 
















Glass Forming Charac te r i s t ics  of Selected Rare-Earth and 
Cordier i te  Based Glasses and Two Calcium-Silica Glasses 
Y2O3,  MgO, Si02 
Ce02 , La2O3, MgO , Si02 
Y203, MgO , A1203, Si02 
Ce02, Y2O3,  MgO, A1203 , Si02 
Ce02, Ka203, MgO, A1203, Si02 
MgO , A1203, Si02 
Zr02, Ti02, BaO, C a O  , MgO, Si02 
Fe203, LaeO3, BaO, CaO , MgO , 
A1203 , Si02 
Remarks 
Melted at 1 5 O O O C .  Annealed at 
85OoC.  
Melted  above 1 5 O O O C .  Devi t r i f ied  
i n  pouring, liquidus probably 150OoC , 
annealed at 9 O O O C .  
Same as 203 but a l i t t l e  l e s s  prone 
t o   d e v i t r i e  & possibly a l i t t l e  
lower v i scos i ty  at 1 5 O O O C .  Devitri-  
f i e d  a t  850Oc t o  form a yellow opal. 
Did not melt a t  1500°C, only sintered. 
Top port ion o f  melt a t  higher tempera- 
t u re s  was a c l ea r  g l a s s  bu t  bottom 
ha l f  opaque. 
Devi t r i f ied  on pouring. Very f l u i d  
at 1 5 O O O C .  Annealing sa t i s f ac to ry  
a t  850Oc. 
Melted e a s i l y  a t  1 5 O O 0 C  t o  form a 
s t ab le  g l a s s ,  qu i t e  f lu id  a t  150OoC , 
annealed a t  78OoC. 
Same as 208 but more f l u i d  at l 5 O O 0 C .  
Same as 208 & 209 but even more f l u i d  
a t  1 5 O O O C .  Much l e s s  prone t o  d e v i t -  
r i f y .  Annealed a t  750°C. 
Melted a t  1 5 O O 0 C .  Fa i r ly  s t i f f  at 
melting.  Turns t o  o p a l  on cooling. 
Annealed a t  80OoC. 
Glass almost  watery a t  1500OC.  Most 
s t a b l e  g l a s s  i n  s e r i e s  w i t h  r e s p e c t  t o  
dev i t r i f i ca t ion .  H a s  longer  working 
range.  Annealed at 7OO0C. 
Melted a t  1 5 O O O C .  Qu i t e  f lu id  bu t  
dev i t r l f i ed  r ap id ly  on s l igh t  cool ing .  
Annealed at 80OoC. Pots are semi- 
c rys t a l l i ne .  
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CHARACTERIZATION OF THE  EXPERIMENTAL GLASSES 11. 
YOUNG'S  MODULUS FOR BULK SPECIMENS 
Many c h a r a c t e r i s t i c s  o f ' t h e  newly derived UARL experimental  glasses had to 
be evaluated t o   a c t  as gu ide l ines  fo r  the d i rec t ions  which our research should 
follow. The e a s i e s t  and most convenient o f  these  g lass  proper t ies  i s  the Young's 
modulus of bulk samples of the new glass .  This  sect ion relates the  seve ra l  methods 
used t o  measure Young's modulus on bulk glass samples, t he  method that  can be used 
to  success fu l ly  p red ic t  by ca lcu la t ion  what Young's modulus w i l l  be  obta ined  for  
one special ized glass  family only,  and the progress UARL has achieved in  or iginat ing 
high modulus g lasses .  
Young's Modulus Measured on B u l k  Samples of Glass 
I n  accordance with the work of P icke t t  (Ref. 88), a rec tangular  or  cy l indr ica l  
beam i n  f l e x u r e  v i b r a t e s  a t  a resonant frequency determined by the dimensions , 
density and Young's  modulus of the  specimen. If shear and i n e r t i a  e f f e c t s  are 
considered, the formula for rectangular specimens is: 
E =  (9*65)(10'7)m3f2 [l + 7.4 ( a / L )  ] + kilograms/cm 2 2 
a% 
where M = mass of sample i n  grams 
a = thickness  of sample in  inches o r  centimeters 
L = length of sample in  inches o r  centimeters but units must be 
b = width of sample in  cent imeters  
f = resonant frequency of sample in  cyc le s / sec  
E = Young's modulus f o r  sample i n  kilograms per square centimeter. 
same as f o r  a 
Original and improved sonic measurement equipments. - The equipment o r ig ina l ly  
assembled to  ca r ry  ou t  t he  dynamic measurement of Young's modulus fo r  bu lk  samples 
of g lass  i s  shown in  F ig .  54. The specimen i s  placed on  two  narrow supports fashioned 
from sponge rubber,  a highly absorbing material .  A microphone driven by a va r i ab le  
f requency  osc i l la tor  i s  placed below the center of the specimen. This microphone 
exc i t e s  t he  sho r t  column of air  between i t s e l f  and the  specimen and this  column of 
a i r ,  i n  t u r n ,  d r i v e s  the specimen, A t  a given cr i t ical  f requency the specimen 
resonates and th i s  motion i s  detected by a phonographic pick-up ca r t r idge  which 
touches the specimen d i rec t ly  over  one of the supports.  This s i g n a l  from t h e  
phonographic pickup i s  then fed through an amplif ier  to  one s e t  of p l a t e s  of an 
osci l loscope.  The o t h e r  s e t  of p l a t e s  of the osci l loscope i s  supplied from the  
osc i l l a to r  ou tpu t ,  so tha t  at the resonant frequency a Lissajous f igure of  maximum 
dimension i s  seen on t h e  oscilloscope because of t h e  90' phase s h i f t  occurring 
during detection. A t  any frequency other than the resonant frequency only a simple 
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FIGURE 54. SONIC EOUIPMENT ASSEMBLED  FOR  MEASUREMENT  OF  YOUNG’S  MODULUS 
hor i zon ta l  t r ace  forms on the osci l loscope screen so that  resonance i s  r ead i ly  
detectable .  The c i r c u i t r y  shown i n  F i g .  54 when a p p l i e d  t o  s i x  d i f f e r e n t  s p e c i -  
mens of t he  co rd ie r i t e  based  g l a s s  y i e ld  the  da t a  g iven  below. 
Dynamic Modulus fo r  Cord ie r i t e  Based Glasses 
Mass Dimensions Zoung s Modulus 
Specimen ( P S I  a ( i n )  b (cm) L( i n )  Kg/cm x105 1bs/in2xlO6 
Batch 4-#1 1.2242 0.125 0.320 1.796 10.35 14.8 
Batch 4-#2 1.3698 0.1255 0.319 2.023 10 59 15.1 
Batch 4-#3 1.2508 0.126 0.320 1.850 10.55 15 .O 
Batch 14-#1 1.70083 0.1273 0.324 2.406 10.52 15 .O 
Batch 14-#2 1.5334 0.1275 0.324 2.173 10.55 15.0 
Batch 14-#3 1.4098 0.127’7 0.324 2.025 10.74 15.0 
The results obtained are v a l i d  as f a r  as we can t e l l  s ince  us ing  the  same 
equipment va lues  fo r  Corning Glass zorks Code 7940 ( f u s e d  s i l i c a )  of 10.5 x lo6 
p s i ,  Code 7740 (Pyrex*)  of 9.3 x 10 p s i ,  and Code 7052 (high alumina-silica) of 
8.2 x 10 6 p s i  were obtained and these   r e su l t s  are concordant with those found i n  
Corning’s publication, B-83, Propert ies  of Selected Commercial Glasses. 
The equipment jus t  descr ibed  and as p i c tu red  in  F ig .  54 w a s  e n t i r e l y  satis- 
f a c t o r y  i f  g l a s s  samples two inches or g r e a t e r  i n  l e n g t h  were ava i lab le .  But 
f o r  many glasses without spending undue amounts of time working out the proper 
anneal ing cycle  for  the method of sampling f i rs t  employed, the  longes t  lengths  
ava i lab le  were only 1 1/8 inches.  To ca r ry  ou t  s ign i f i can t  measurements on such 
shor t  samples it w a s  necessary to assemble apparatus capable of operating at much 
higher frequencies and t h i s ,   i n   t u r n ,  meant purchasing much h i g h e r  f i d e l i t y  
components. 
Equipment s e l e c t e d  f o r  improved  measurements i s  shown i n  F i g .  55. This  system 
sketched as a block diagram measures the resonant frequency of g l a s s  rods  in  the  
region between 1000 and 40,000 Hz. The sample i s  supported a t  the nodal points 
for the fundamental resonance by thin f lexible  supports  that  have a resonant frequency 
below 1000 Hz. A 30 w a t t  d r ive r  below the  center  of t h e  sample dr ives  a column 
of a i r  which i n  t u r n  excites the sample. The ver t ical  displacement  of t he  end 
of t he  ba r  i s  detected by the  t ransducer ,  a high quality semiconductor phonograph 
car t r idge  and tone arm ad jus t ed  fo r  a t racking  force  of approximately 0 . 1  gram. The 
d i f f e ren t i a l  ou tpu t  from the t ransducer  i s  amplified by a preamplif ier  which a l so  
suppl ies  exc i ta t ion  to  the  t ransducer .  The output of the preamplif ier  5s passed 
through a high pass R-C f i l t e r   t o  remove low frequency noise due t o  b u i l d i n g  and 
support  vibrations and i s  ampl i f ied  in  a guarded d i f fe ren t ia l  ampl i f ie r .  This  
amplified signal i s  displayed on a CRO and the  peak detected i s  used t o   d r i v e  
t h e  v e r t i c a l  a x i s  of an x-y recorder.  
*Registered trademark, Corning Glass Works, Corning, N.Y.  
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FIGURE 55. IMPROVED  APPARATUS FOR MEASUREMENT OF YOUNG'S  MODULUS 
Primary exc i t a t ion  is  supplied t o   t h e  driver uni t  by a variable frequency 
audio osci l la tor  through an audio amplifier.  A potentiometer mechanically coupled 
to  the  f r equency  con t ro l  on t h e  o s c i l l a t o r  s u p p l i e s  a d-c v o l t a g e  t o  t h e  h o r i z o n t a l  
axis of t h e  x-y recorder  proport ional  to  the logari thm of  the dr iving frequency.  
With t h i s  system, any spurious resonances due t o  t h e  d r i v e r  unit, t ransducer  or  
suppor t ing ' s t ruc tures  w i l l  appear  the same f o r  f3ifferen-t samples and can thus 
be eliminated from the  da t a  by the operator .  Resonances with amplitudes smaller 
than those from extraneous sources can be easily resolved by comparative recordings 
f o r  s e v e r a l  sample lengths. The overall  system has a frequency response from 
3000 t o  40,000 Hz with an ampli tude var ia t ion of only three decibels.  Needless 
t o  s a y ,  t h e  improved equipment has proven much s impler  for  a t echn ic i an  to  ope ra t e  
than i t s  predecessor  descr ibed in  the earlier paragraphs of t h i s  s e c t i o n .  
Original  and improved methods of sample preparation. - The o r i g i n a l  method 
of  sample preparat ion consis ted of cas t ing  a s l a b  of t he  g l a s s  t o  be  t e s t ed .  Th i s  
s l ab  w a s  immediately placed i n  a program cont ro l led  annea l ing  k i ln  and cooled t o  
room temperature  in  a thir ty-s ix  hour  per iod,  the rate of coo l ing  in  the  
estimated annealing range being about 8Oc per hour.  Once cooled,  the sample was 
t a k e n  t o  t h e  n e a r e s t  o p t i c a l  l e n s  shop where it was mounted on laps ,  cu t  
t o  approximately the desired rod size and f in i shed  by opt ical  gr inding techniques.  
These samples were t y p i c a l l y  1.800 inches long, 0.1240 inches wide, and 0.1240 
inches high. The commercial l ens  maker who cut and  ground these samples for us 
had d i f f i c u l t y  i n  h o l d i n g  t h e s e  dimensions to  to le rances  be t te r  than  20 .003  inches  
and t h i s  was pa r t i cu la r ly  t rue  because  these  g l a s ses  were harder  than the usual  
opt ical  glasses .  Needless  to  say,  these samples  were very expensive averaging 
t h i r t y  t o  f o r t y  d o l l a r s  each and t h e  complete cycle of sample preparation extended 
over t imes greater than a week. The reproducibTlity obtainable with these pre- 
c i s ion  machined samples i s  shown below. 
Reproducibil i ty of Dynamic Modulus f o r  
Precis ion Machined Square Rods. 
Specimen Young ' s Specimen Young ' s Specimen Young ' s 
Glass & Modulus Glass & Mo ulus Glass & Modulus 
Spec No. 106 p s i  Spec No. 10% p s i  Spec No. 106 p s i  
30-1 10.15 30-7 9.94 31-1 11.55 
30-2 10.18 30-8 10.23 31-2 11.45 
30-3 10.17 30-9 10.05 31-3 11.87 
30-4 10.0 30-10 10.38 31-4 11.25 
30-5 10.38 
30-6 10.35 
In the second year of the  cont rac t  a new, more rap id ,  more convenient, much 
less expensive, and very much f a s t e r  method of preparing the bulk glass  samples 
necessary  for  sonic  modulus  measurement was originated.  This technique consisted 
of forming the  modulus specimen by drawing the  molten glass up i n t o  f u s e d  s i l i c a  
tubes using a sy r inge  to  app ly  suc t ion  to  the  tubes  as shown i n  F i g s .  56 and 57. 
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F I G U R E  57. ROD  CASTING  SYRINGE  AND  EXAMPLES OF GLASS  RODS 
t " , 
I n  most cases a l i gh t  dus t ing  of magnesia powder i n s i d e  t h e  s i l i c a  t u b e  i s  used 
to  p reven t  t he  g l a s s  from adhering t o   t h e  walls of t he  tube ,  bu t  i n  the  cases  
of the higher thermal expansion glasses which immediately start shr inking away 
from t h e  w a l l s  of the  very  low expansion s i l i c a  such a coating i s  unnecessary. 
After the rods are removed from t h e   s i l i c a   t u b e ,   t h e  ends are trimmed off  
square with a cut-off wheel and the sample i s  ready f o r  measurement. S ince  th i s  
type of sample has a very different  f ic t ive temperature  from the type of sample 
or iginal ly  prepared,  it i s  not  expec ted  tha t  the  resu l t s  need  to  be  prec ise ly  
t h e  same f o r   t h e  two types of samples, a point  which i s  d i s c u s s e d  i n  g r e a t e r  d e t a i l  
i n  t he  nex t  s ec t ion .  Th i s  i s  not important, however, i n  day t o  day glass  research 
where all t h a t  i s  needed are accura t e  r e l a t ive  modulus va lues  for  the  var ious  
experimental batches so  as t o  form a guide for  ways i n  which t o  modify t h e  compo- 
s i t i o n  t o  a c h i e v e  a desired property.  
Results obtained - Young's modulus of bulk glass samples. - Comparative 
results for  as-aspirated and precis ion machined bulk glass rods are shown i n  
Table XXI. The as-cast or aspirated rods give a value about 2% lower on the  
average than the annealed sample, a result  completely in agreement with expec- 
t a t ions  s ince  it corresponds in  d i r ec t ion  bu t  no t  t o  the  ex ten t  of difference 
i n  modulus between a g l a s s  f i b e r  and an annealed glass sample found i n  o t h e r  
labora tor ies .  
The agreement found between dynamically determined moduli and those found 
by t h e  s t a t i c  or t ransverse  rupture  method i s  tabula ted  in  Table  XXII. I n  t h i s  
case all dynamic values l i s ted  a re  fo r  p rec i s ion  ground-annealed glass bars and 
a re ,  t he re fo re ,  two percent  higher  than the usual  dynamic va lues  found in  th i s  
repor t .  The s t a t i c  measurements repor ted  a re  for  measured def lect ions versus  
measured loads in three-point loading apparatus equipped with an unusually sensit ive 
load  ce l l .  The values obtained by t h e  dynamic method a re  be l i eved  to  be  more 
near ly  cor rec t  s ince  th i s  method gives  the s lope of t h e  i n i t i a l  p a r t  of t h e  s t r e s s -  
s t r a i n  curve and thus corresponds t o  a value based on microstresses ,  while  the 
t ransverse rupture  method e s s e n t i a l l y  y i e l d s  a va lue  for  on ly  very  la rge  s t ra ins  
and so corresponds t o  an average value for a s t ress-s t ra in  curve which i s  not 
r e a l l y  a s t r a i g h t  l i n e  when examined closely.  In  addi t ion,  it should again be 
mentioned t h a t  t h e  dynamic method a p p l i e d  t o  commercial g lasses  gave r e s u l t s  i n  
agreement with published data. 
The amount of va r i a t ion  commonly encountered  in  th i s  labora tory  us ing  the  
dynamic or sonic modulus de te rmina t ion  appl ied  to  bulk  g lass  rods  formed by 
a sp i r a t ion  are shown i n  Table XXIII. The adequacy  of t h e  method fo r  l abora to ry  
screening of original glass compositions i s  c lear ly  ind ica ted .  
In Table X X I V ,  t h e  r e s u l t s  are shown of dynamic measurements car r ied  out  
on asp i ra ted  rods  us ing  the  improved sonic apparatus for a number of  cordier i te-  
r a re  ea r th  g l a s ses .  It w i l l  be noted that  these values  of Young.'s modulus range 
from 14.96 m i l l i o n   p s i   t o  21.1 mi l l i on  ps i  and tha t  i n  gene ra l  t he  va lues  of 
approximately 15 m i l l i o n  p s i  f o r  g l a s s e s  o r i g i n a t e d  i n  t h e  f i r s t  y e a r  of 
the contract  have been steadily improved t o   v a l u e s  of n ine teen  mi l l ion  ps i  or 
be t t e r  fo r  r ecen t  g l a s ses .  
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Table XXI 
Comparison of Young's Modulus of As-Cast and 
Annealed Glass Bars 
E x 10-6 psi E x 10-6 p s i  
































































Comparative Results of Sonic  and  Transverse 














Devi at i on 
Sonic Modul s 
(lbs /in2x10 z 
14.5 
14.8 









Transverse Rupture Value 
( lbs /in2x106 ) 












































Reproducibility of Values of Young's Modulus  Measured 
on Rods Aspirated Directly from Melt 
Individual  Determinations ( lo6 psi) 
15.6 15.1 15.6 15.5 
14.5 14.6 14.24 
14.4 13.8 13.7  14.6 
13.59  14.77 
14.11  4.37  14.00 
14.4  3 98
15.7 
16.0  16.0  
16.06 15.80 15.70  15.64  15.66  15.90 
15.80  15.82  15.69  15.67  15.79  15.45 
15 50 
16.51  16.31  15.76  15.73 16.00 15.92 
16.17  5.90  16.38  15.93  18.76  1 .18 
15.70  15.67  16.94  16.38 
15.59  15.28 
15.52 
10.7 10.5 10.4 10.5 
15.00 14.97  14.61 15.13 15.50 
14.79  14.67  14.84  1 .68  14.69  15.16 
14.69 14.07 14.73  14.99 
16.2 15.8 16.2  16.2  16.3 
16.5 17.1 16.7 
16.4  16.7  16.8  16.7 
15.49  16.10  6.51  16.06  15.81  16.75 
16.9 16.1 16.3 16.6 
14.6 14.5 14.6 14.0  614.3 
13.99  13.66  13.93  1 .80  14.61 
15.3 15.4 
14.2 
14.6  214.4 
13.3 13.6 13.3 13.0 
15.3 15.2 15.4 15.3 
15.1 15.7 15.5 16.2 
15.6 15.7 15.7 15.7 



































































Table XXIII (Cont'd) 


























































































































18.47  18.61 
16.4 
14.03 














Avexa e Modulus 




































































Table XXIII (Cont’d) 







































































































































































































































Table XXIII (Cont 'a)  
























































17  - 99 
19.75 
19 - 09 
17.28 
i6 .68 
17 * 99 
20 -99 

















































































































17 - 79 
17.62 








































17  71  
19  5 































Individual Determinations ( l o 6  psi ) 
16.73  16.80 
20.40 19.60  19.11  20.90 
19.86  19.26  19.52 18.89 
20.04 19.32 19.94 19.71 
16.59 17.08 17.24 17.26  17.17  16.39 
18.47  18.36  18.13 18.44 
18.11  17.81  18.50 
13.01  14.81 
17.11 17.11  18.51 
12.54  12.07  14.66 
18.76 17.40 17.55  16.72 
18.36 17.99 19.18 
17.92 18.06 17.85  18.23 
18.15  18.38  17.72  20. 3 
19.74  19. 5  18.78 
16.97  16.36  16.77 
16.77  15.61 
18.88  19.03  19.18 
19.04  19.03 
19.30  19. 0  18.93 
18.07 17.74 17.52 
18.42 18.56 18.80 
18.82 18.09 18.70 
17.38 17.28 20.68 
12.42 12.64 12.14 12.06  11.98  1.93 
17.28 17.23 17.63 17.55 
13.08 13.55 13.72 13.01 
7.18 6.74 7.06 6.92 
7.34 6.90 6.58 6.82 




































Values of Young's Modulus fo r  Several 
Cordierite-Rare  Earth  Glasses 
Young s Modulus 


















Young ' s Modulus 









Typical Compositions in Mole  Percent 
3O4-35SiO2 , 15Al203 , 30Mg0, lOZnO , 10Y203 
344-45Si02,  15A1203, 15Mg;O,  15Be0, 10Y203 
19 7 
The use and extension of the C. J. P h i l l i p s  method f o r  c a l c u l a t i n g  
Young's modulus of  cer ta in  g lasses .  - I n  an outs tanding paper  ent i t led 
"Calculation of Young's Modulus o f  E l a s t i c i t y  from Composition of Simple and Com- 
p l e x  S i l i c a t e  Glasses" (Ref. 1); C. J. Phi l l ips  descr ibes  a method f o r  c a l c u l a t i n g  
Young's modulus o f  e l a s t i c i t y  f o r  some 44 glasses  by expressing the content  of  
each oxide i n  mol percent and multiplying it by a modulus f a c t o r   p e c u l i a r   t o   t h a t  
oxide.  Coeff ic ients  are  der ived,  however, fo r  on ly  ce r t a in  ox ides  l i ke ly  to  be  
p re sen t  i n  the  usua l  g l a s ses ;  namely, Si02, Na20 , K20 , Li20, B203 Al?03, CaO MgO, 
PbO, BaO, ZnO, and BeO. The numerical value of t h e  e l a s t i c  c o n s t a n t  1s then  the  
sum of the terms 
c P + CZP2 + . . . . CnPn 1 1  
where C1...Cn are molal  coeff ic ients  and P1...Pn a r e  t h e  molar percentages of 
the corresponding oxides. Agreement between ca lcu la ted  and observed values i s  
be t t e r   t han  - +O. 3% for   thir ty-f ive  wel l -def ined  glasses .  
I n  t h i s  r e p o r t  we ex tend  the  Phi l l ips  va lues  to  inc lude  those  for  less  w e l l -  
known bu t  r e l a t ive ly  common oxides such as y t t r i a ,  l a n t h a n a ,  c e r i a ,  z i r c o n i a  and 
c o r r e c t  h i s  v a l u e s  f o r  b e r y l l i a  and  magnesia. The l a t t e r  c o r r e c t i o n  i s  necessary 
only for  a lkal i - f ree  glasses .  In  general ,  those glasses  developed at United 
Aircraft Research Laboratories which are inc luded  in  these  ca l cu la t ions  a re  
character ized as cordier i te  and/or  beryl  base glasses  with rare-ear th  addi t ions.  
The extended calculations cannot be assumed t o  apply t o  o t h e r  t y p e s  of g lasses  
such 8s. UARL's invert  analog glasses,  two-phase g lasses ,  or as shown i n   t h i s  
section to calcium aluminate base glasses.  
The experimental UARL g lasses  inc luded  in  th i s  ca lcu la t ion  l ike  Loewens te in ' s  
g l a s s  Z1 (Ref. 89) a re  a lka l i - f ree  and it appears  that  in  such alkal i - f ree  glasses  
t h e  molar coefficient of  magnesia i s  14.8 k i lobars  per  mol percent .  The calcula- 
t i ons  of Table XXV a re  o f f e red  in  ev idence  for t h i s  number. According t o  Weyl 
(Ref. 90) i n  a lka l i - f r ee  g l a s ses ,  MgO6 groups form i n  p l a c e  of t h e  MgO4 groups 
of  a lka l i -a lka l ine  ear th  s i l i ca tes  and this  formation of MgO6 groups r e su l t i ng  
from the  lower  polar izabi l i ty  of 02- ions in  a lkal i - f ree  glasses  causes  the average 
coordination of t h e  02- i o n s  t o  i n c r e a s e ,  t h e  s t r u c t u r e  t o  become more compact 
and the value of t h e  E modulus t o  i n c r e a s e .  Using this  value for  magnesia ,  the 
value of the  z i rconia  coef f ic ien t  i s  reca lcu la ted  from Loewenstein's glass 2 1  
and a very much more reasonable result  of 18.9 k i lobars  per  mol % i s  ob ta ine i  
f o r  Zr02. 
1 
In  one  of o w  ear ly  summary r epor t s ,  E910373-4, (Ref. 91) we showed t h a t  
Phi l l ips  through a jux tapos i t ion  of the composition of h i s  g l a s s  73 had inadver- 
tent ly  obtained an incorrect  value for  the beryl l ia  molar  coeff ic ient  and 
i n   t h i s  same repor t  we reca lcu la ted  the  Be0 coe f f i c i en t  from published data on two 
Owens-Corning glass fiber compositions (Table XXVI) and found it to  be  19 .0  
kilobars/mol %. Using these  cor rec ted  va lues  for  magnesia and b e r y l l i a  and 
experimental data obtained on the  new UARL glasses  , the  Phi l l ips  type  ca lcu la t ions  
are extended t o  g l a s s e s  c o n t a i n i n g  y t t r i a  and the very high values of 22.2, 25.5, 
Table XXV 
Calculation of Molar Modulus Coeff ic ients  by Method of 
C. J. Phillips-Magnesia Contribution 
Using known s i l i c a ,  alumina, zirconia,  values to derive new magnesia value 
1. The Basic Glass ( 1 y 4 y 1 4 )  
Actua l  ba tch  for  th i s  g lass  198 ,gns Si02, 120 gms Al203, 180 gms Basic 
magnesium carbonate MgC03-Mg(OH)2*2H20 with a convers ion  fac tor  to  MgO 
of 2.44. 
Actual  Batch on Atomic 
Batch  Oxide Basis Weight % Weight Mols  Mole % 
Si0 19 8 19 8 50.7  60.09  0.845  52.4
A1283 120  120 30.5 101.94 0.299 18.6 
MgO 180 73.7 18.85 40.31  0.468 29.0 
Consti tuent Mole % Klobars/mol  Contribution 
Si02 52.4 7.3 383 
A1203 18.6 12.1 225 
MgO 29 .O X 29X 
608+29x 
But average exp. value for 1 , 4 , 1 4  = 14.96 x 10 6 lb s / in2  = 10.52 x l o 5  
kg/cm2 = 1031 kilobars 
. ' . MgO contr ibut ion = 1031-608/29 2 14.7 kilobars/mole % 
2.  Using Glass 66 
Consti tuent Mole % Kilobars/mol % Contribution 
Si02 53.7 7.3 
A1203 15.3 12.1 
Zr02 2.56 18.9 












The Use of Known Molar Modulus Coeff ic ients  to  Obtain a 
Corrected Phi l l ips  Coeff ic ient  for  Beryl l ia  
1. Owens-Corning Glass OCX-2124 
Molecular Mol Contribution 
Constituent Weight % Weight Fraction Mole % Kilobars/mole % (ki lobars)  
S io2 71.1 60.06 1.185 70 .o 7.3 5 11 
A1203 21.5 101.94 0.211 12.5 12.1 1 5 1  
Be0 7.4 25.02 0.296 17.4 X 17.4X 
1.692 
But Owens-Corning actually achieved 14 .4  x 10 6 p s i  o r  992 ki lobars  for  Young's modulus o f  t h i s  g l a s s  
:. Be0 fac to r  = 992-662 = 19 .O kilobars/mole % 17.4 
2. In hens-Corning Patent U .S . 3,127,277-Example 4 
Molecular Mol Contribution 
Constituent Weight % Weight Fraction Mole % Kilobars/mole % (ki lobars  ) 
Si02 51 

















































But Owens-Corning actually achieved 16.6 x 10 6 p s i   o r  1144  kilobars for Young's modulus o f  t h i s  g l a s s  
. ' . Be0 fac to r  - 1144-722*3 = 19.2 kilobars/mole % 
22 
and 25.2 kilobars per mol % y t t r i a  r e s u l t  ( T a b l e  XXVII). This high modulus 
f a c t o r   f o r   y t t r i a  i s  p a r t i c u l a r l y   s i g n i f i c a n t   i n   t h e  development of  the new UARL 
glasses  for as has been shown i n   t h e  f i rs t  major section of t h i s  r e p o r t ,  d i r e c t  
microscopic observations of the rate of c r y s t a l l i z a t i o n  of y t t r i a  c o n t a i n i n g  g l a s s  
has shown tha t  t h i s  ma te r i a l  success fu l ly  slows down the formation of cordierite 
c rys t a l s .  
Table XXVIII extends the calculat ion of Young's modulus to  g lasses  conta in ing  
lanthana and cer ia  with resul ts  of  22.4 k i lobars  per  mol % lanthana and 18.6 ki lo-  
bars  per  mol % ce r i a  ( ca l cu la t ed  as Ce 0 ). Again t h e s e  v a l u e s  l i k e  t h e  y t t r i a  
value are an unexpected gain from our prlmary concept of adding such rare-earth 2 3  
materials t o  slow t h e  r a t e  of c rys t a l l i za t ion .  F ina l ly ,  t he  co r rec t ed  va lues  of 
t he  molar contributions of magnesia and b e r y l l i a  are used i n  Table XXIX t o   d e r i v e  
the  molar  contr ibut ions to  Youngls modulus fo r  z inc  and zirconia  and toge ther  
with a l l  the previously determined experimental  molal  factors and those of P h i l l i p s  , 
t hese  a re  l i s t ed  in  Tab le  XXX. 
The r e l i a b i l i t y  of t h i s  method of ca lcu la t ing  Young's modulus i s  considered 
b r i e f l y  i n  T a b l e  XXXI and i s  found sa t i s fac tory ,  a l though the  e r rors  a re  not  as 
low as found i n  P h i l l i p ' s  p a p e r .  Attempts t o  ex tend  these  Phi l l ips  type  of 
calculations based on simple and complex s i l i c a t e  g l a s s e s  t o  t h e  t o t a l l y  u n a l l i e d  
calcium aluminate glass system. A s  i s  to  be  expec ted  the  ca lcu la t ions  f a i l  t o  
y i e l d  a co r rec t  r e su l t  and instead give a r e s u l t  20% too high (Table X X X I I ) .  
However, the  ca lcu la t ions  for  bo th  g lasses  g ive  the  same amount of discrepancy 
ind ica t ing  tha t  t h i s  t ype  of calculation could probably be extended to calcium 
aluminate glasses i f  one i s  wi l l i ng  to  ca r ry  ou t  su f f i c i en t  expe r imen ta t ion  to  
f i n d  t h e  new molal  coeff ic ients  appropriate  for t h i s  ve ry  d i f f e ren t  s t ruc tu re .  
The Ph i l l i p s  t ype  of calculation (Ref.  1) can be put t o  an unusual, most 
in te res t ing  use  as shown i n  Table X X X I I I  t o  check t h e  v a l i d i t y  of claims found 
i n  t h e  l i t e r a t u r e  f o r  h i g h  modulus g lasses .  It w i l l  be  noted  tha t  the  work of 
Refs. 94 and 95 cannot  be  cor rec t  i f  the  Phi l l ips  ca lcu la t ion  i s  va l id .  
Al te rna te  ca lcu la t ion  of  Young's modulus from composition by m e t h o d s  
S. D. Brown. - S. D. Brown, e t  a1 (Ref. 9 2 )  have suggested an alternate 
method of ca lcu la t ing  Youngls modulus from composition factors peculiar to each oxide 
p re sen t .  In  con t r a s t  t o  Ph i l l i p s  method as presented above, he bases his calcula- 
t i o n  of  Young's  modulus on "packing efficiency" of the discrete  ions present .  This  
packing efficiency was measured by a parameter  cal led " the t rue ionic  volume frac-  
t i o n "  ( f ) .  The parameter i s  then  defined as follows. It i s  assumed that  every  ion 
i n  t h e  material has a de f in i t e  sphe r i ca l  volume as determined by radi i  values  given 
by Pauling (Ref. 96) .  The summation of these  spher ica l  volumes f o r  a l l  ions divided 
by t h e   t o t a l  macroscopic volume of the aggregate i s  the  t rue  ion ic  volume f r ac t ion  
and i s  calculated by 
201 
Table XXVII 
Calculation of Young's Modulus from t h e  Composition 
by C. J. P h i l l i p s  Method 
Using known alumina, s i l i ca  va lues  p lus  new magnesia value t o  d e r i v e  f a c t o r  
f o r  yttria 
1. Using Glass 70 Constituent Mol % Kilobars/mol % Contribution 
Si02 55.3 7.3 
*l2O3 12.6 12 .1  
MgO 29.3 14.7 




2 . 8 3 ~  
987+2.83x 
But #TO experimentally = 15.23 x l o 6  lb s / in2  = 1050 k i loba r s  
.* .  Y2O3 cont r ibu t ion  = 1050-987/2.83 = 22.2 kilobars/mol % 
2.  Using Glass 114  Constituent Mol % Kilobars/mol % Contribution 
Si02 51.7 7.3 377 
*l2O3 22.5 12.1 272 
MgO 15.8 14.7 232 
y2°3 10  .o X lox  
881+10x 
But #114 experimentally = 16.5 x 10 6 l b s / i n 2  = 1136 k i lobars  
... Y203 cont r ibu t ion  = 1136-881/10 = 25.5 kilobars/mol % 
202 
Table XXVIII 
Calculation of Young's Modulus from the  Composition 
by C .  J .  P h i l l i p s  Method 
Using known s i l i c a ,  alumina f a c t o r s  and new magnesia f ac to r  t o  de r ive  l an thana  
and c e r i a   f a c t o r s  
1. Based  on Glass 138  Constituent Mol % Kilobars/mol % Contribution 
Si02 47.3 7.3 
A1203 15.6 12.1 
Mgo 28.9 14.7 






Experimentally 138 = 16.5 x 10 6 lb s / in2  = 1138 ki lobars  
La203 contr ibut ion = 1138-959/8 = 22.4 kilobars/mol % 
2.  Based on Glass 117 Constituent Mol % Kilobars/mol % Contribution 
Si0 51.67 7.3 377 
~1.283 10.0 12.1  121 
MgO 18.33 14.7 269 
Ce203  20.0 Y 20. OY 
767+20~ 
Experimentally 117 = 16.54  x l o 6  l b s / i n 2  = 11.64 kg/cm2 = 1138 k i lobars  
... contr ibut ion of c e r i a  = 1138-767/20 = 371/20 = 18.6 kilobars/mol % 
203 
Table XXIX 
Using Known Molar Modulus Coeff ic ients  to  Obtain Similar  
Coeff ic ients  for  $inc and Zirconia 
1. Based on UARL Glass 368 Constituent Mol % Kilobars/mol % Contribution 
Si02 39 7.3 284.7 
A1203 12   12 .1  145.2 
ZnO 6 X 6x 
Ce203 2 18.6 37.2 
Be0 25 19 .o 475 .O 
MgO 6 14.7 88.2 
'2'3 10 24.3 243 .O 
1273.3 kilobars 
Experimentally Young's  modulus f o r  UARL Glass 368 i s  19.08 x 10  l b s / i n 2  = 
1312 kilobars 
6 
... zinc oxide contribution = 1312-1273'3 = 6.45 kilobars/mol % 
6 
2. Based on UARL Glass 27 Constituent Mol % Kilobars/mol % Contribution 
Si0  70.2 7.3 512.5 
A12g3 0.6 12 .1  7.3 
C a O  0.6 12.6 7.6 
Na20 1 5 . 4  3.4 52.4 
Zn02 11.6 X 1 . 6 ~  K2° 1 . 6  1 .8  2.9 
582.7 k i lobars  
Experimentally Young's modulus f o r  UARL Glass 27 i s  11.52 x 1 0  6 l b s / i n 2  = 
794.3 k i lobars  











Summary of All Experimentally Determined 
Molar Modulus Coeff ic ients  
Contribution Contribution 
per  mol % per  m o l  % 
(k i lobars  ) Oxide (k i lobars  ) 




MgO 12.0 & rises with R20 decrease 
7.0 & SiOp decrease t o  14.8 
7.2  Ce203 18.6 
13.3 '2'3 24.3 
19.0 La203 22.4 
Table X X X I  
1. 
Comparison of Calculated and Experimentally 
Determined Moduli 
For UARL Glass 367 Constituent Mol % Kilobars/mol % Contribution 
39 7.3 284.7 
12  12.1  145.2 
MgO 12 14.7 166.4 
Ce203 2 18.6 37.2 
Be0 25 19.0 475 0 
y2°3 1 0  24.3 243.0 
1351.5 kilobars 
Convert ing the 1351.5 ki lobars  calculated to  lbs/ in2 = (1351.5) (14.54) = 
19.66 x lo6  lbs/ in2.  Experimental ly  the Young's  modulus f o r  t h i s  g l a s s  
i s  19.03 x lo6 l b s / i n 2  or 0.63 x l o 6  lbs/in2 lower 
2. For UARL Glass 370 Constituent Mol % Kilobars/mol % Contribution 
Si02 39 7.3 284.7 
A1203 12  12.1 145.2 
C a0 6 12.6 75 - 0  
ZnO 6 6.45 38.7 
Ce203 2 18.6 37.2 
Be0 25 19.0 475 - 0  
'2'3 10 24.3 243.0 
1298.8 kilobars 
Converting t h i s  
(14 .54)  = 18.87 
g lass  i s  18.5 x 
r e s u l t  of 1 2  8.8 k i l o b a r s  c a l c u l a t e d  t o  l b s / i n 2  = (1298.8) 
X &06 lbs/in' experiment l l y  , t h e  Young's modulus for t h i s  
10 l b s / in2  or 0.37 x 10 8 lbs/ in2 lower 
20 6 
Table XXXII 
Discrepancies Resulting When Young's Modulus f o r  Calcium Aluminate Glasses are 
Calculated by C.  J.  Phill ips Factors Derived from S i l i c a  Glass Systems 
Molecular Kilobars 
Glass 96 Constituent Gas Weight % Weight Mols  Mol % Mol % Contribution - - -
CaO 165.3 36.7 56.08 0.654 45.9 12.6 462 
*I203 185.0 41.2 101.94 0.463 28.3 12.1 498 
24.9 5.5 123.22 0.045 3.2 18.9 61 
Mgo 25.0 5.6 40.31 0 139 9.8 14.7 144 
50.0 11.1 60.09 0.185  12.9 7.3 94 
1259 
-
But actual exp. value = 16.30 x 10 ps i  = 1148 kg/cm2 = 1125 kilobars 6 
. . Have a large discrepancy indicating that factors for calcium aluminate glasses are appreciably lower 
Iu 
0 
4 Molecular Kilobars 
Glass 93 Constituent - GItlS Weight % Weight - Mols - Mol % Mol % Contribution 
CaO 140.0 28.0 56.08 0.498 38.0 12.6 478 
A12°3 210.0 42.0 101.94 0.412 31.4 12.1 380 
ZrO2 24.9 5.0 123.22 0.046 3.5 18.9 66 
Si02 50 .O 10.0 60 .og 0.166 12.6 7.3 92 
Mgo 25 .O 5.0 40.31  0.124 9.5 14 .7  140 
BaO- 50.7 10.0 153.3 0.065 5.0 11.35 
_I " _ I  
I. >I1 
But actual experimental value = 15.72 x 10 p s i  = 11.05 x l o 5  kg/cm2 = 1083 kilobars 6 
c 7  
/ I  -
1213 
. . Again have a large discrepancy indicating that factors for calcium aluminate glasses are 
appreciably lower. Discrepancy f o r  93 = 130 ki lobars;  for  96 = 134 kilobars 
Since these values are consistent,  this mode of calculation i s  probably j u s t  as va l id  f o r  calcium-aluminate 
glasses as fo r  s i l i ca  g l a s ses  once the proper molar values are known. 
Table XXXIII 
Use of Ph i l l i p s  Type Calculations to Evaluate Literature 
Claims on High Modulus Glasses 
1. An interest ing glass  composi t ion appearing in  the report  l i terature  (Ref .  9 4 )  on high modulus glasses i s  
Molecular Mol Contribution 
Constituent Weight % Weight Fraction Mol % Kilobars/mol % (ki lobars  ) 
Si02 50 60.06 0.833 50 7.3 365 
A1203 35 101.94 0.343 21  12.1 254 
Be0 7 .5  25.02 0.300 19 19.0 361 
MgO 7.5 40.32  0 160 10 12 .o 120 
1090 ki lobars  = 1 5 . 8 3 ~ 1 0  p s i  6 
But t h e  l i terature  claim f o r  t h i s  g l a s s  i s  a Young's modulus of 20 .Oxl,O lbs / in2  or 1378 kilobars. The above 
bulk glass. 
6 
[u ca lcu la ted  va lue  ind ica tes  tha t  the  va lue  g iven  in  the  l i t e ra ture  must be reduced t o  1 5 . 8 3 ~ 1 0  6 ps i  f o r  t h e  
2 .  Similarly,  an in te res t ing  h igh  modulus glass composition appearing in the U.S. pa t en t  l i t e r a tu re  (Ref. 95) i s  
Molecular Mol Contribution 
Constituent Weight % Weight Fraction Mol % Kilobars/mol % (k i lobars )  
Si02 47.3 60.06 0.788 53.9 7.3 393 
A12°3 35.8  101.94 0.351 24.1 12.1 290 
Fe 03 0.9 159.70 0.006 0.41 13.3 5.5 
Na20fK20) 1 .2  61.98 0.019 0.13 3.4 0.4 
Ti02 0 . 1  79.90 0.001 0.07 13.3 0.9 
Zn02 4.2  123.22 0.034 2.43 18.9 45.9 
10.5 40.32 0.261 17  - 9  12.0 
But t h e  l i t e r a t u r e  c l a i m  f o r  t h i s  g l a s s  i s  a Young's modulus of 28.0 x 1 0  6 lb s / in2  o r  1915 kilobars.  The ,above 
ca lcu la tdd  va lue  ind ica tes  tha t  th i s  l i t e ra ture  must be reduced t o  about 13.8 x 1 0  6 lb s / in2  o r  approximately half. 
When t h i s  g l a s s  i s  melted i n   t h e  UARL laboratory and measured, values obtained agree with the calculation and 
not  the l i terature  c la im.  
where i designates a given ionic  species ,  M i s  the  molar formula weight of the 
material, P is  i t s  densi ty ,  vi i s  t h e  volume of  ionic  species  i, ni i s  t h e  number 
of ions of species i p e r  molar formula of material and N i s  Avogadro's number. 
For convenience, instead of considering individual ions, it can be assumed 
tha t  t he  ma te r i a l  i s  composed of j component oxides (e.g. Al2O3, Si0 , e t c . ) .  
Then i n  terms of weight fractions,  xj ,  of component j i n  t h e  materia?, t h e  f 
f ac to r  is  given by 
f = pi x j  
Typical gj fac tors  for  var ious  oxide  components computed i n   t h i s  manner are 0.298 
fo r  B203, 0.280 f o r  BeO, 0.267 f o r  L i 2 0 ,  0.233 for  S i02 ,  0.189 f o r  M g O ,  0.183 f o r  
T i 0 2 ,  0.166 f o r  C a O  , and 0.123 f o r  Zr02. It w i l l  be noted immediately that these 
fac tors  p lace  even g rea t e r  emphasis on low atomic number mater ia ls  than do those 
of C.  J.  P h i l l i p s .  It i s  a l s o  immediately  apparent  that i n  some cases  these 
fac tors  d i rec t ly  cont rad ic t  those  of P h i l l i p s ;  f o r  example, t h e  g f a c t o r s  f o r  
Be0 and B2O3 are v i r tua l ly  iden t i ca l  wh i l e  Ph i l l i p s  f inds  a molal contribution 
of only 7.3 kilobars/mol % c o n t r a s t e d  t o  19.8 kilobars/mol % f o r  BeO. 
j 
The tabula t ion  below shows t h e  computation f o r  two calcium aluminate glasses 
using S. D. Brown's coeff ic ients .  Unfortunately,  the calculated resul ts  are  not  
i n  concordance with the experimental results also taken from S. D. Brown's repor t .  
Because the experimental  modular data of Brown are based on hand-drawn f i b e r s  , 
one cannot say with any degree of assurance whether the method of ca lcu la t ion  
has  fa i led .  However, t h e  method of P h i l l i p s  seems to  be  the  be t t e r  cho ice  fo r  





































0 - 17575 
P E x j g j  = 0.5606 
= ion lc  volume f r a c t i o n  
Calculated E 
= (59.5)(0.561)-20.4 
= 33.38 - 20.4 
= 13.0 x lo6 p s i  
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S. D. Brown's R-105 Glass Has A Measured P = 2.90 ms/cm3 
and E = 16.0 x loo p s i  Measured On Hand-Dram Fibers  
Oxide  Weight % g x j g j  -
A 1  03.  44.0  0.209 0.0920 P t 3 g g  = 0.545 
3.5 0.233  0.0082  Calc a ed E 
CaO 48.8 0.166 0.0810 = (59.5) (0.545)-20.4 
MgO 3.5 0.189 0.0066 = 32.43 - 20.4 
0.1878 = 12.4 x lo6  p s i  
I n  comparison with Table XXXI where similar ca l cu la t ions  a re  made by method of 
C .  J .  Ph i l l i p s ,  t he  d i sc repanc ie s  ca l cu la t ed  by the packing eff ic iency method 
are much l a r g e r  as we l l  as too  low i n  p l a c e  of too high. The consistency of t he  
differences again ind ica t e s  hope t h a t  t h e  method can be made t o  work f o r  calcium 
aluminate glasses when the correct factors have been determined. 
Summary of progress in developing high modulus g lasses  at UARL. - The 
culmination of t he  k ine t i c s  of c rys t a l l i za t ion  r e sea rch  and of the extension 
of t he  C.  J.  P h i l l i p s  mode of ca lcu la t ions  de ta i led  i n  this report  has been 
the  o r ig ina t ion  of a number of cordier i te  and/or  beryl  base rare-ear th  glasses  
with unusually high moduli. The more outs tanding  resu l t s  of  th i s  research  a re  
summarized i n  Table XXXIV. A l l  t he  da t a  fo r  such glasses as wel l  as a l l  other  
UARL glasses  i s  summarized in  Tables  XXXV and W I .  
An equally novel series of glass systems are those due t o  S t e v e l s  (Ref. 93) 
and ca l led  by him "invert"  glasses .  These g l a s ses  a re  g l a s ses  tha t  do not conform 
with the Zachariasen three-dimensional network concept which states t h a t  a t  l e a s t  
three corners  of each s i l i c a  t e t r a h e d r o n  i s  shared so  tha t  no t  more than one corner 
i s  shared by a nonbridging oxygen ion,  a concept obeyed i n  g e n e r a l  by most commercial 
s i l i ca t e  g l a s ses  used  for windows, p l a t e  g l a s s ,  con ta ine r s ,  and g l a s s  f ibe r s .  S t eve l s  
introduces a parameter Y, to  express  the average number of br idging ions per  Si04 
tetrahedron where 
Y c  = 6 - 200/P P = mol % Si02 
so  t h a t  when P = 33 1 /3 ,  Y = 0 and the Si04 groups are  isolated;  when P = 40% , 
Y = 1 and  on the average Si04 groups appear in pairs.  These glasses  possess  the 
ve ry  in t e re s t ing  cha rac t e r i s t i c  t ha t  most properties such as viscosi ty  pass  
through a minimum a t  Y = 2 ,  i . e .  50 mol % Si02. A t y p i c a l  example c i t e d  by Stevels  
i s  50 mol % Si02 and 12.5 mol % of each  of Na20, K20, C a y  BaO. Dr. Stevels  
exp la ins  th i s  "anomalous" case of glass formation by saying "choosing a 
batch with a great  number of network modifiers the 'glue' between the chains i s  so 





B e s t  Glasses t o  Date from Cordierite-Rare Earth 
and Cordierite-Beryl-Rare Earth Systems 
Compared with 
Young's Modulus Specific Modulus 
Glass Number (mi l l ions   p i  ) (millions  inches ) 
125  16.1 161 
337 20.9 147 
























































1 ~ 6 ~  
1W3 
Summary of Al Values €or Young's Modulus Measured 
on Circular Rods Formed Directly from Melt 
Young ' s 
Modulus Specif ic  
Densitg 
mill ions Modulus 









































































































































Modulus Specif ic  
Densitg 
mil l ions Modulus 






























273-1'9  0.088 
273-21*2 0.0988 
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Table XXXV (Cont 'a)  
Young's 
Modulus Specific 
Glass Densit Densit millions Modulus 



















































































































































































































































Density millions Modulus 










































































































Table XXXV (Cont'd) 
Young ' s Young's 
Modulus Spec i f ic  Modulus Specif ic  
Glass Density Density mi l l ions  Modulus Glass Density Density mi l l i ons  Modulus 
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458  3.2094 
460 3.3785 
461  3.0354 















































l Inver t  analog glasses 
2Cont a ins  Be0 
3Cordierite base glasses 










































11 .4  

































Summary Extended, A l l  Values f o r  Young's Modulus 
Measured on Square Rods Cut from Pla t e s  
by Optical  Equipment 
Young's Modulus 




































Young ' s Modulus 



















Using a modified version of D r .  Stevels concept, UARL has  or iginated many 
glasses  which w e  cal l  " invert  analog" glasses .  In  these , t h e  UARL glasses  contain 
only one a l k a l i  o x i d e  u s u a l l y  l i t h i a  and a combination of a lkal ine ear th  oxides  
and t r i v a l e n t  and te t ravalent  oxides .  A t y p i c a l  example of t he  UARL invert analog 
glass  systems in  UARL 270 whose composition i n  mole percent i s  25 Si02, 15 Li20, 
15 C a O ,  15  ZnO, 15  M g O ,  8 A1203 and 7 Y2O3. The bes t  of the invert  analog glasses  
o r i g i n a t e d  t o  d a t e  a r e  t h o s e  shown in  Table  XXXVI. Al such glasses are shown 
i n  Table XXXVI. 
UARL experimental  glass research may be summarized i n  a somewhat d i f f e ren t  
m a n n e r .  NASA contracts  1301 and 2013 have enabled UARL t o  prepare approximately 
500 new glass compositions. Of these ,  a t o t a l  of a dozen compositions have values 
f o r  Young's modulus measured on bulk specimens greater than twenty million pounds 
per square inch and another two dozen have values between nineteen and twenty 
mi l l ion  pounds per square inch. The bes t  of these has a Young' modulus fo r  bu lk  
specimens of 22 3 /4  mi l l ion  ps i .  
A computer program fo r  t he  ca l cu la t ion  of Young's modulus on bulk glass  
samples. - A technique  for  the  de te rmina t ion  of  the  e las t ic  modulus of a 
ma te r i a l  i n  t he  form of a cyl inder  requires  the determinat ion of the resonant 
frequency  of t he  specimen.  This  technique as discussed by Pickett  (Ref.  88) 
has been used with a computer program t o  perform the calculations.  
The determination of t h e  e l a s t i c  modulus simply requires the evaluation 
of the following expression: 
E = ( C )  (weight)  (resonant  frequency) . 2 
The constant C i s  evaluated according to  the  expres s ion  
C = 0.0041632 ( L / D )  T 3 
with the parameter T evaluated for  the diameter  and length of the specimen 
according t o  
T = 1.0 + 81.79(D/2L)2 - ( 1 3 1 4 ( ~ / 2 ~ ) ~ ) / ( 1 -  + 81.09(D/2L)2) 
- 1 2 5 ( ~ / 2 ~ ) ~ .  
For t h i s  ca l cu la t ion ,  Po i s son ' s  r a t io  has been taken as 1 /6 ,  and the  f ac to r s  
T and C are those which y i e l d  an approximate solution t o  t h e  d i f f e r e n t i a l  
equations for t ransverse vibrat ions as determined by Goens. 
In  add i t ion  to  the  s t r a igh t fo rward  ca l cu la t ion ,  a fea ture  of the  program 
used i s  a subroutine which can be used t o  s o r t  t h e  o u t p u t  data i n  terms of any 
desired  parameter,  such as sample  diameter. With t h i s  f e a t u r e ,  checks f o r  
sys temat ic  var ia t ions  in  ca lcu la ted  modulus values with a chosen parameter can 
eas i ly  be  made.  The program i t s e l f  i s  w r i t t e n  i n  FORTRAN I V  for  use  wi th  a 
time-shared  computing  system. The Research Laboratories provides this capability 
by e i t h e r  an in-house PDP-6 (Dig i t a l  Equipment Corp.) computer, or by subscrip- 
t i o n   t o   t h e  General Electric time-shared computing system. 
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CCCC  PRgGRAM  TO  CALCULATE  GLASS  BULK  MgDULUS  BY  THE  F@RMULATI@N  OF  PICKETT 
CCC INPUT  DATA  GLASS  IDENTIFICATIgN,  WEIGHT IN GRAMS,  DIAMETER 
CCC  IN  INCHES,  LENGTH  IN  INCHES,  RESONANT  FREQUENCY  IN  KILOCYCLES 
ccc 
ccc 
DIMENSION  DIA( 50) ,WT( 50 P ( 50 E(  50 
DIMENSION  INDEX( 50) 
REAL  LE 
ALPHA  TITLE 
READ ( "PI  CKYAL" , 81 )NTOT , TITLE 
81 F@RMAT(  5Xy13,lOA4) 
~~("pICKVAL",85) (WT(N) ,DIA(N)  ,LE(N)  ,RF(N) , N=2,NT@T) 
85 F@RMAT(5XY4F10.4) 
NN = NTOT -1 
D@  50  N=2,NT@T 
INDEX(M) = M; WT(M)=WT(N) ; DIA(M)=DIA(N)  ;LE(M)=LE(N) ;RF(M) 
DIMENSION TITLE(~O), ~ ~ ( 5 0 )  
M = N-1 
& = RF(N) 
50 CONTINUE 
DO  55 N = 1,NN 
A = DIA(N)/(2.*LE(N)) 
T=l. + 81.79*A**3 - 131.4*A**4/(1. + 81.09*A**2) - 
c = o.O04163/DIA(N) * (LE(N)/DIA(N))**3 * T 
E(N) = C * (WT(N)/453.59) * RF(N)**2 
CALL  SORT(  DIA,  NN,  INDEX ) 
PRINT  123,  TITLE 
123  F@RMAT(lH , 1OX  ,10A4) 
PRINT , ' I  J L DIA  LENGTH  WEIGHT  FREQ 
DO  501  J=l,NN 
PRINT  135,J,L,DIA(J)  ,LE(L)  ,WT(L)  ,RF(L)  ,E(L) 
135  FflRMAT(1H  ,213,3F10.4,2F14.4) 
STOP;  END 




L = INDEX( J) 
501 C~NTINUE 
SUBR~UTINE SORT( A, NP~INTS~INDEX) 
CCC INDEX  IS  FILLED  WITH  INDEXING  INTEGERS  FROM 1 TO  NPOINTS 
CCC ARRAY  IS  BRgUGHT  IN AS A SINGLY  SUBSCRIPTED ARRAY 
D1MENSIP)N  A( 50) ,INDEX( 50) 
M = NPgINTS 
1 M = M/2 
IT ( M .EQ. 0 ) RETURN 
K = NPgINTS - M 
J = l  
2 I = J  
3 I M = I + M  
IF (A(I) - A(IM)) 5,5,4 
CCC SWITCH VALUES  AND  ARRANGE  INDEX ARRAY 
A(1) = A(1M);  INDEX(1) = INDEX(1M) 
A(1M) = SAV ; INDEX(1M) = NSAV 
I = I - M  
IF (I .GE. 1) G@ T@ 3 
IF ( J -K  ) 2,2,1 
END 
4 SAV = A(1);  NSAV = INDEX(1) 
5  J = J+1 
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CHARACTERIZATION OF  EXPERIMENTAL GLASSES 111. 
YOUNG'S MODULUS  FOR GLASS FIBERS 
The Uselessness of Data Based on Hand-Drawn Fibers 
Original ly  , it was  f e l t  that  the hand-dram fibers produced i n   t h e  
f i b e r i z a b i l i t y  t es t  of bulk glasses could be used for the evaluation of the 
proper t ies  of  g lass  f ibers .  It quickly became evident,  however, t h a t  no matter 
how carefu l ly  hand-drawn fibers were prepared, they tended t o  show a d i s t o r t e d  
e l l i p t i ca l  c ros s - sec t ion .  I n  Fig. 56 ( t o p )  t h e  l e a s t  d i s t o r t e d  hand-drawn 
fibers obtained are shown in  c ross -sec t ion  i n  contrast  with a 3 mil platinum 
wire (white) and i n  F i g .  58 (bottom) the most d i s to r t ed  hand-drawn fiber speci-  
mens encountered are shown. The d i s t o r t i o n  i s  so  grea t  as t o  make it impossible 
t o   o b t a i n  a meaningful value for the average cross-section of such fibers and 
t h i s   f a c t  made the values  of  Young's modulus deduced by dead-weight mechanical 
tes t ing procedures  extremely untrustworthy.  Despi te  this  fact ,  many of t h e  
previous invest igators  have publ ished sych data  leaving the avai lable  l i terature  
with a very confusing collection of data.  UARL published similar data i n  t h e  
f i f t h  q u a r t e r l y  r e p o r t  on th i s  con t r ac t  and we are now convinced tha t  t hese  
values are largely meaningless.  
Mechanical Drawing of Glass Fibers  from An Or i f ice  
The above problems encountered in  a t t empt ing  to  ob ta in  a r e l i ab le  va lue  
f o r  Young's modulus on hand-drawn f i b e r s  made it quickly obvious that it w a s  
t ime to  switch to  mechanical  drawing  of the experimental  glass  f ibers .  Normally 
t h i s  i s  done by purchasing massive platinum-rhodium bushings of proven design. 
But i n  our case several  bushings would be necessary since the experimental  
glass compositions vary so  wide ly  tha t  the  l i fe t ime of such a bushing might 
be very limited. Several such bushings would represent  an expendi ture  for  
materials th ree  to  fou r  t imes  as grea t  as t h e  program mate r i a l  cos t  t o  date. 
Fortunately,  it has proven possible  using the platform furnace to  subst i tute  
a relat ively inexpensive 20 cc platinum crucible for the platinum bushings 
customarily employed. To make t h i s  s u b s t i t u t i o n  it was necessary  to  re inforce  
t h e  bottom of the  p la t inum cruc ib le  in  a small c e n t r a l  area by welding f o i l   t o  
t h e  c r u c i b l e  u n t i l  a thickness of 3/16 in.  w a s  obtained.  This  central  area 
w a s  then tapered reamed t o  form a n  o r i f i c e  0.088 in .  at top, 0.063 in.  a t  
bottom  and 3/16 in .  long .  In  addi t ion ,  water cooling almost directly beneath 
the  c ruc ib l e  had t o  be introduced into the furnace as wel l  as a r i n g  o r i f i c e  
arrangement fo r  coo l ing  the  f ibe r  as it forms  with  helium j e t s .  Th i s  equipment 
has now been extensively tested and proven t o  y i e l d  g l a s s  f i b e r  t h a t  i s  very 
close to  c i rcular ,  approximately one m i l  in  diameter  when pulling speeds of 
4000 ft /min are employed,  and suitable f o r  improved  modulus determinations. The 
equipment arranged for mechanical drawing of f i b e r s  i s  shown i n  F i g .  59. 
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FI GLJRE 58. CROSS-SECTIONS OF HAND-DRAWN  GLASS FIBERS SHOWING THE 
AND T H E  MOST DEPARTURE  FROM  CIRCULAR  CROSS-SECTION 
COMPARED TO A  PLATINUM WIRE (WHITE  DOT). 
lOOX IN ORltilN!AL PHOTOGRAPH 





FIGURE 59. PLATFORM  KILN IN USE FOR  MECHANICALLY  DRAWING  LASS FIBERS 
The improvement i n   t h e  roundness of the glass fibers which r e su l t ed  by 
mechanical drawing i s  shown i n  F i g s .  60 and 61 where again .the white specimen 
i s  a 3 m i l  platinum wire i n  cross-section. It i s  fur ther  obvious that  much 
f iner  f i b e r s  can be drawn mechanically than were achieved by hand-drawing. 
The degree of  c i rcular i ty  achieved in  the mechanical  drawing process i s  b e s t  
r ea l i zed  by examining Table XXXVII where typical microscopic measurements of t h e  
diameter of given samples are l i s t e d  f o r  each 4 5 O  rotation of the sample.  This 
degree of roundness achieved is su f f i c i en t  t o  e l imina te  depa r tu re  from c i r c u l a r i t y  
as a source  of  e r ror  in  modulus evaluation. 
Young ' s Modulus Measurements 
Young's modulus of the experimental  glass fibers produced a t  UARL have been 
measured  by b o t h  s t a t i c  and dynamic methods in  genera l .  The s t a t i c  or mechanical 
evaluations were ca r r i ed  ou t  fo r  UARL by the  Lowell I n s t i t u t e  of  Technology. I n  
ca r ry ing  ou t  t hese  t e s t s ,  Lowell I n s t i t u t e  of Technology used an Instron CFE t e s t e r  
operated with a machine speed of 0.2 inches per minute, a chart speed of 
20 inches per minute, a gage length of 5 inches and a f u l l  scale  capaci ty  of 1 .0  
pound. The specimens were held i n  a i r  actuated clamps wi th  f la t  rubber  coa ted  
faces. For each experimental composition, a minimum  of  20 f i b e r  specimens  were 
taken from approximately the center portion of the spool.  The specimens  were 
8 inches long with about one yard of f iber  being discarded between each specimen 
and i n  g e n e r a l  t h e  specimens selected represent the middle twenty yards of t h e  f i b e r  
supp l i ed  to  Lowell I n s t i t u t e  of  Technology for tes t ing.  Three f iber  diameter  
measurements were made i n   t h e  middle three-inch portion of each eight-inch specimen. 
The measurements were made using a monocular microscope equipped with an eyepiece 
r e t i c u l e  and operated with a magnification of 774 (18x eyepiece, 43X ob jec t ive ) .  
Each r e t i c u l e  d i v i s i o n  was e q u a l  t o  0.092 m i l s .  
The ca lcu la t ion  of t he  modulus w a s  made by  computer  program. Typical standard 
deviat ions found in  these measurements a r e  shown i n  Table XXXIX f o r  f i v e  g l a s s  
compositions picked a t  random. It w i l l  be  noted that  the s tandard deviat ions for  
t h e  dynamic method vary from 2 . 1 t o  3.7 mil l ion pounds per square inch. 
The dynamic measurements of UARL's  experimental  glass fibers were ca r r i ed  
out  for  UARL by Panametrics, Inc., a subsidiary of the Ester l ine Corporat ion located 
i n  Waltham, Mass. To  make these  measurements, Mr. Kenneth  Fowler  of Panametrics, 
Inc. used a thin- l ine ul t rasonic  technique.  His wr i te -up  s ta tes  tha t  "u l t rasonic  
extensional and to r s iona l  waves are  readi ly  generated in  thin-wire  t ransmission 
l i n e s  by means of magnetostriction. The ve loc i t i e s  of these  two wave types are  
r e l a t e d  t o  t h e  e l a s t i c  moduli by the formulas given i n  F i g .  62. A typical  experi-  
mental arrangement f o r  making modulus determinations by means of  thin- l ine ul t rasonics  
i s  shown in  b lock  form i n  F i g .  63 reproduced from Panametrics write-up of the 
method (Ref. 9 7 ) .  Typically,  the diameter of the lead-in wire i s  about 20 mils. 
Because the diameter of t h e  f i b e r  i s  much l e s s ,  i n  t h i s  ca se  abou t  0 .3  mil, then 
the  l ead - in  l i ne  it i s  necessary  to  match the mechanical impedance of t h e  two 
members i n  some way. This may be accomplished by taper ing  the  lead- in  to  more 
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MAGNIFICATION: 500X 
FIGURE 60. PRONOUNCED DECREASE IN SIZE AND IMPROVEMENT IN CIRCULARITY 
OF MACHINE DRAWN FISERS 
MAGNIFICATION 500X 
FIGURE 61. PRONOUhCED  ECREASE IN SIZE AND IMPROVEMENT IN  CIRCULARITY 
OF MACHINE DRAWN FIBERS 
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Table XXXVIII 
Circularity Checks on Mechanically  Drawn Glass Fibers 
Specimens were checked for roundness by rotating  under  a microscope, 
readings  were made approximately 45O apart. All measurements  are in mils. 
Glass Fiber 70-3 
Specimen A Specimen B 
1.98  1.94 
1.93  1.93 
1.96  1.96 
1.98  1.94 
1.95  1.95 
1.94  1.98 
1.93  1.98 






























Typical Standard Deviations Found i n   S t a t i c   T e n s i l e  
Measurements of Young's Modulus of Glass Fibers 
Young's Modulus 






















= i < l  
v,2 P 
K = A  CONSTANT DEPENDENT ON UNITS SELECTED 
V = EXTENSIONAL WAVE VELOCITY 
V t = TORSIONAL WAVE VELOCITY 
p = DENSITY 
E = YOUNG'S MODULUS 
G = SHEAR MODULUS 
FIGURE 62, RELATIONSHIPS EXISTING BETWEEN  SOUND VELOCITY AND  MODULUS 
PULSE  PULSE  TRANSIT 
GENERATOR  TIME  IN  SAMPLE 
t - T 4  u """"- 
L  EAD-IN I I 
I I 
I SAMPLE I MODULUS  TRANSDUCTOR , I 
FIGURE 63. EXPERIMENTAL ARRANGEMENT FOR MAKING 
THIN-LINE ULTRASONIC DETERMINATIONS OF DYNAMIC ELASTIC MODULl 
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c lose ly  match the diameter  of  the f iber  as ind ica ted  schemat ica l ly  in  F ig .  64. 
Heating a small g lass  capi l la ry  tube  and pu l l ing  it t o  reduce diameter creates 
the  long  tapered  red  f i lament .  The tapered  g lass  tubular  f iber  i s  then  cu t  at t h e  
diameter  that  w i l l  c losely match t h e  impedance of the lead-in on one end and at 
the  d iameter  tha t  w i l l  y i e l d   l e s s   t h a n  a ten t imes impedance mismatch between 
t h e  sample and the t ransformer sect ion at the other end." 
"If t h e  impedance transformer e1emer.t i s  properly constructed an echo of 
r e l a t i v e l y  s m a l l  amplitude w i l l  occur at the  junc t ion  between the  lead- in  and 
the t ransformer element, or the amplitude of the echoes from the beginning and 
end of t h e  sample w i l l  be  of t he  same order of magnitude. The osc i l logram in  
Fig. 65 shows the pulse-echo sign'als returned from t h e  l i n e  i n  t h e  c a s e  of a s ing le  
g l a s s  f iber approximately 1 / 2  m i l  in  diameter .  The glass  f iber  has  been cemented 
i n  t h e  impedance transformer with a thermoplastic or epoxy cement b u t  f o r  
elevated temperature measurements, a fine-grained alumina cement could be used.'' 
In Table XL, t h e  r e s u l t s  f o r  g l a s s  f i b e r s  from a given glass composition and 
measured both by s t a t i c  and dynamic ( thin- l ine ul t rasonic ,  Panametr ics  , Inc . )  
methods a re  compared. It w i l l  be  no tPd  tha t  t he  s ix ty  s t a t i c  measurements average 
15.93 mil l ion pounds per  square inch and that  the s ixteen thin- l ine ul t rasonic  
measurements of Young's modulus average 15.94 mi l l i on  ps i ,  a t r u l y  remarkable 
agreement. It w i l l  be  noted  tha t  the  sca t te r  for  the  dynamic method i s  much 
l a rge r  t han  fo r  t he  th in - l ine  u l t r a son ic  measurement. Al f i b e r s  a r e  from UARL 
melt 275-10. The f ibers  furnished both Lowell I n s t i t u t e  of Technology  and 
Panametrics , Inc.  var ied from a diameter of 0.62 mils t o  1.66 mils although each 
f iber  sample measured w a s  pe r f ec t ly  round and fair ly  constant  in  diameter .  
In Table XLI ,  the  resu l t s  ob ta ined  for  the  more promising UARL mechanically 
drawglass  f ibers  are  tabulated.  These values  are  selected from approximately one 
hundred UARL experimental glass compositions which have successfully been fiberized 
t o  d a t e .  I n  a l l  cases where these  f ibe r s  have been evaluated by both dynamic 
and s t a t i c  t e s t s  t h e  comparative  measurements a re  shown. It w i l l  be  noted that  
t h e  best f i b e r s  have a va lue  for  Young's modulus of 18.6 mi l l ion  ps i  or s l i g h t l y  
greater .  In  the case of one of t hese  f ibe r s ,  namely UARL 344, more t h a n  f i f t y  m i l l i o n  
f e e t  of monofilament has been drawn and made i n t o  composites and t h e  r e s u l t s  
obtained with these composites i s  d i scussed  in  the  f ina l  s ec t ion  of t h i s  r e p o r t .  
Incons ider ing  the  va lues  for  Young's  modulus l i s t e d  i n  t h i s  t a b l e  it cannot 
be  s t ressed  too  s t rongly  tha t  a l l  of the  va lues  a re  measured on mechanically 
drawn f i b e r s .  The f ibe r  g l a s s  l i t e r a tu re ,  bo th  pub l i ca t ions  and pa ten ts  as we l l  
as our own v e r y  f i r s t  r e p o r t s ,  abounds i n  many higher  values  for  Young's modulus 
all based on measurements made on hand-drawn f i b e r s .  Our own experience has convinced 
us tha t  these  va lues  are u t t e r  nonsense since no hand-drawn f i b e r  i n  g e n e r a l  is  
ever round instead having more usual ly  a f l a t t e n e d  e l l i p t i c a l  c r o s s  s e c t i o n .  It 
is t h i s  t h a t  accounted f o r  data l i k e  t h a t  we have shown ea r l i e r  i n  connec t ion  
wi th  the  Ph i l l i p s  ca l cu la t ions  where the  ca lcu la ted  va lue  so violent ly  disagrees  
with the published value.  
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FIGURE 65. ULTRASONIC  PULSE-ECHO  SIGNALS  FROM  SINGLE  GLASS  FIBER 
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Table XL 
Comparative Results on Glass Fibers of One Composition 
Evaluated by Sta t ic   and  Dynamic Methods 
Young’s Modulus (mi l l ions  ps i )  
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Fina l ly ,  a l l  the  va lues  for  Young's modulus as measured on mechanically 
drawn f i b e r s  are assembled i n  Table XLII. The values  for  compet i t ive glasses  
such as 82 and 83 as f ab r i ca t ed  and measured using ident ica l  t echniques  a re  a l so  
shown. It w i l l  again be noted that  values  measured both a t  Panametrics using 
the i r  t h in - l ine  u l t r a son ic  t echn ique  and a t  Lowell I n s t i t u t e  o f  Technology using 
an I n s t r o n  t e s t  machine with air -actuated gr ips  are i n  e x c e l l e n t  agreement. 
Strength Measurements on P r i s t i n e  Glass Fibers  
An equal ly  impor tan t  charac te r i s t ic  of  g lass  f ibers ,  however, i s  the  s t r eng th .  
Because of t h e  s e n s i t i v i t y  of g l a s s  f i b e r  t o  s u r f a c e  damage t h a t  can be inf l ic ted 
by winding on a drum, or other  contact ,  and by exposure to uncontrolled atmosphere 
f o r  a f i n i t e  l e n g t h  of t i m e ,  it has become the  p rac t i ce  to  r epor t  so -ca l l ed  
"virgin strength' '  of freshly drawn g lass  f iber .  This  i s  accomplished by capturing 
a sample of f i b e r  between the bushing and t h e  winding drum, and measuring t h e  
t ens i l e  s t r eng th  as soon as possible  and before any obvious damage has occurred 
t o  t h e  f i b e r .  The d i f f e rence  in  s t r eng th  measured on g l a s s  f i b e r s  s h o r t l y  a f t e r  
capture between bushing and winding drum, and measurements on f i b e r s  o f f  t h e  
winding drum has  been shown dramatically by W. F. Thomas (Ref. 98) .  Figure 66 
compares the  s t r eng th  measured by Anderegg (Ref. 99) o f f  t h e  winding drum with 
Thomas' d a t a  f o r  v i r g i n  f i b e r s .  Thomas cons iders  tha t  the  dependence  of s t rength  
on f iber  diameter  shown by t h e  d a t a  of Anderegg and many other authors i s  t h e  
r e s u l t  of t h e  g r e a t e r  s u s c e p t i b i l i t y  of t h e  l a r g e r  f i b e r s  t o  damage, and t h a t  
the  s t rength  of g l a s s  f i b e r  i s  independent of diameter provided that care i s  
taken  to  avoid  damage during sampling and testing. O f  p a r t i c u l a r  i n t e r e s t  i n  t h e  
work of Thomas i s  the extremely low s c a t t e r  i n  t h e  s t r e n g t h  d a t a  which he 
obtained on v i rg in  f ibe r s  t e s t ed  wi th in  t en  minutes of capture. Typically, he 
found t h a t  i n  t e s t i n g  50 samples of E g l a s s  f i b e r  produced under t h e  same experi- 
mental conditions, a l l  samples had s t rengths  between 530,000 and 560,000 p s i .  
Preliminary Experiments 
Before attempting t o  measure the  v i rg in  s t r eng th  of UAC experimental  glasses,  
it was considered necessary t o  make measurements on a known g la s s  u s ing  t e s t ing  
equipment and f ibe r  p roduc ing  f ac i l i t i e s  ava i l ab le  in  these  l abora to r i e s  fo r  
comparison with previously publ ished resul ts .  E g lass  w a s  se lec ted  for  pre l iminary  
experiments since marbles of t h i s  composition could be obtained commercially, 
and because E glass has been extensively studied. The f i b e r i z a t i o n  equipment 
and technique just  descr ibed in  the previous sect ion were used t o  produce E g lass  
f ibers  varying in  diameter  from approximately 0 . 5  t o  1 . 9  mils. I n  t h e  f i r s t  
f iber iza t ion  runs ,  E glass marbles were crushed t o  frit which w a s  charged i n t o  
the plat inum crucibles .  However, t h i s  procedure resulted in very seedy glass 
because of t h e  many bubbles trapped in the molten glass.  In subsequent runs,  
the as-received marbles were cleaned i n  an ultrasonic degreaser,  r insed several  
times with tap water, given a l igh t  e tch  wi th  hydrof luor ic  ac id ,  then  r insed  and 
s tored under  dis t i l led water  unt i l  charged into the crucible .  The reduct ion  in  
seediness  resul t ing from the  l a t t e r  p rocedure  i s  shown i n  F i g .  67. 
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Table X L I I  
Values of Young's Modulus on Mechanically Drawn Fibers of UARL Experimental Glasses 
As Determined by Measurements Either on Tensile Test Equipment o r  Thin-Line Ultrasonics 
Young's Modulus 10  psi 6 
Standard 
Glass Dev'ation Glass 
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Table XLI I  (Cont Id) 
Young's Modulus 10  6 ps i  Young's Modulus 10 6 psi 
Standard  Standard 
Glass Deviation Glass Deviation 
Number Tensile l o 6  Tensile Sonic Number Tensile l o 6  Tensile  Sonic
279 6.2 3.3 
281  5.7  0.5 
28 5 12.9  4.7 
280 4.6 0.4 
28 4 11.9 2.4 
288-3 11.9  2.8 
289 13.1 1 . 5  
Iu 290-5 14.3 5.8 
0 3  290-6 13.0 3.7 
291 13.6  3.2 
W 
370 17.7 3.7 17.8 
371 18.4 2.3  1 
372 15 - 7  4.4 17.1 
388 16.8 2.3 16.4,16.1 
396 1 5 . 1  1.7 15.1,14.9 
402 16.5 3.1  5   -75 315 -95 
403 18.0 2.7 1 5 . 9 5 ~ 6 . 1  
405 18.7 2.2 18.3,18.45 
3 2lA 17.4 3.6 18.2 
E 11.8  3.9
299 12.8 3.6 347 17 .4   1 .5   15 .5J5 .5  
300 13.4 3.4 408 19.8 5.0 16.65,16.4 
309 14.8 1.9 410 17.8 1 . 8   1 6 . 7 ~ 6 . 6  
320B3 18.6 3.3  6 2 411 15.6 1 . 4  16.5,16.35 
331 18.3 2.5  19.85 412 1 7 . 0 ~ 6 . 6 5  
344 18.3 3.2 18.6 416 19.8 2.7  18.47J8.64 
349 16.9 2 . 1  16.9,16.7 418 18.5 1.9  17.95,17.95 
367 17.5 3.7  18.4,18.3 419 19 .o 2.9  18.4,18.1 
348 17.5  3.0 1 7 . 6 ~ 7 . 5  417 18.8 3.0 17.5917.5 
368 18.8  2.   18.5 420 19.6 4 . 1  17 .8J7 .7  
82*-Houze Glass U.S. 3,044,888 A l l  tabulated observations are t h e  average of 20 
83**-Owens Corning Glass, U.S. 3,122,27"7( # 4 )  observations except f o r  40 , 83,  126,  129,  233, 275-10, 
























A-FIBERS OFF WINDING DRUM - DATA OF ANDEREGG (2) 
B-VIRGIN FIBERS - DATA OF THOMAS (1). 
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B  FROM MARBLES A FROM FRIT 
FIGURE 67. E-GLASS TEAR DROPS 
Fiber Capture 
The capture device i s  shown i n  F i g .  68. This consists of two pairs  of  shears  
actuated by a common l eve r .  The inner  shear  of each p a i r  i s  made of 1/4 i n .  
s tock and the  face  address ing  the  f iber  i s  coated with double-sided sticky tape. 
Attached to  the  outer  shear  of  each  pa i r  is  a block which presses  the  f iber onto 
the  t ape  an i n s t a n t  after the fiber has been sheared. With t h e  s h e a r s  i n  t h e  
ver t ical  posi t ion,  the lower pair  of  shears  i s  adjusted so  t h a t  it cu t s  t he  
f i b e r  an instant  before  the upper  shear  c loses  s o  tha t  t he  cap tu red  f ibe r  i s  not 
i n  t ens ion .  After t h e  f i b e r  drawing process has been i n i t i a t e d  and brought t o  
a s t eady  s t a t e  a t  the desired experimental  condi t ions,  a sample i s  captured 
manually with the shears.  An improved capture device i s  shown i n  F i g .  69 which 
because of the  spr ing  loading  cu ts  the  f iber  bo th  more cleanly and rap id ly .  
Fiber Testing 
The f i b e r  t e s t i n g  machine used in  these prel iminary experiments ,  shown as 
Fig.  7 0 ,  w a s  developed a t  UAC, and has  been  descr ibed  in  the  l i t e ra ture  (Ref .  100) .  
The f i b e r  i s  mounted between the  moving crosshead ( A )  and the  s ta t ionary  c ross -  
head with red sealing wax which i s  melted by nichrome heaters  underneath the 
f i b e r  mounting tabs. The crosshead moves a t  a constant rate of 0.77 mm/min. 
The l o a d  c e l l  which i s  mounted on the  s ta t ionary  c rosshead  i s  of t h e  s t r a i n  gage 
type,  i s  temperature compensated, and responds only t o  l o a d  components i n  t h e  
d i rec t ion  of t h e  f i b e r  a x i s .  An e lec t ronic  br idge  c i rcu i t  moni tors  the  load  
c e l l ,  which i s  ca l ib ra t ed  by p l ac ing  the  t e s t  dev ice  in  the  ve r t i ca l  pos i t i on  
and suspending laboratory weights from the  load  ce l l .  The ca l ibra t ion  curve  for  
the  load  ce l l  used  in  these  exper iments  i s  shown in  F ig .  71. The short  term 
d r i f t  o f  t h e  b r i d g e  c i r c u i t  amounts t o  two percent of f u l l  s c a l e  d e f l e c t i o n .  
Immediately fol lowing f iber  capture  the f iber ,  s t i l l  held by the  shea r s ,  
i s  p l aced  in  pos i t i on  on the  mounting tabs which have been preheated to  me l t  t he  
wax. The f i b e r  was then cut  f ree  from the capture  shears  and the  wax allowed 
to harden. Without forced cooling of the tabs, t he  wax would become su f f i c i en t ly  
ha rd  to  pe rmi t  t e s t ing  in  about fif teen minutes.  Subsequently,  a p a i r  of water 
cooled tabs was af f ixed  which permitted more r ap id  t e s t ing .  A s a t i s f ac to ry  
cool ing rate  permit ted tes t ing about  four  minutes  af ter  capture .  However, g l a s s  
f ibe r s  mounted i n  t h e  s e a l i n g  w a x  slowly cooled or forced cooled frequently 
s l i pped ,  r e su l t i ng  in  a jerky loading rather  than a smooth loading  ra te .  
A s  wel l  as t e s t ing  f ibe r s  cap tu red  as described above, spooled fiber was 
a l s o  t e s t e d  a f t e r  5 days of normal laboratory storage to assess  the  e f fec ts  of  
spooling and s torage on f iber  s t rength .  
Two kinds of fracture were noted which we s h a l l   c a l l  "normal" and "fly-out". 
Low s t r eng th  f ibe r s  ( s t r eng th  below about 300,000 p s i )  , usual ly  those  tha t  were 
measured a f te r  s torage ,  exhib i ted  "normal" f r ac tu re .  I n  t h i s  c a s e  f a i l u r e  
occurred within the guage length (approximately one inch)  and t h e  f i b e r  ends on 
e i t h e r  s i d e  of t he  f r ac tu re  were re ta ined  i n  the  tes t ing  appara tus .  In  the  case  
. .  
. .. . 
. . . .  . 
FIGURE 68. FIBER  CAPTURE SHEARS 

FIGURE 70. TENSILE TESTER DEvEGPED AT UARL 
1.6 
DIAL. READING 
FIGURE 71. CALIBRATION CURVE FOR TENSILE  TEST  APPARATUS 
of fibers exhib i t ing  s t rengths  above 300,000 p s i ,  a f t e r  f r a c t u r e ,  it was  f r e -  
quently found that the fiber was broken away at e i t h e r  g r i p ,  or sometimes broken 
away at one g r i p  while s t i l l  project ing from the other .  Occasional ly  the f iber 
ends would be found projecting from both  gr ips  but  the  center  sec t ion  w a s  missing. 
Attempts were made t o  photograph t h i s  mode of f r ac tu re .  The fracture  event  could - 
not be recorded a t  500 frames per second; one frame of a f i l m  s t r i p  would show 
t h e  i n t a c t  f i b e r  mounted i n  t h e  t e s t i n g  machine, and i n  t h e  n e x t  frame t h e  f iber 
would be gone. 
Measurement of Fiber Diameter 
Several  techniques for measuring fiber diameter were investigated and t h e  
r e s u l t s  compared.  These  were: (1) mechanical  measurement using a Johansen dial  
gage, ( 2 )  scaling of high magnification photographs of t he  f ibers,  and (3 )  use 
of a Watson two c o l o r  s p l i t  image eye piece in conjunction with the petrographic 
microscope. Measurement of lengths of f iber by a l l  t h ree  methods  gave t h e  same 
fiber diameter t o  w i t h i n  one ha l f  of  one percent.  The Watson s p l i t  image eye 
piece was adopted as the standard diameter measuring technique because of i t s  
greater convenience. The typical  var ia t ion in  diameter  over  a two inch length 
of glass fiber produced i n  t h e  f i b e r i z i n g  equipment was f ive  percent  on fibers 
of nominally one m i l  diameter. 
After breaking a sample in  the  tes t ing  appara tus ,  the  f iber  d iameter  was 
measured a d j a c e n t  t o  t h e  f r a c t u r e  where possible.  In the case of "fly-out",  
diameter w a s  measured on the  sec t ion  of  f iber  t ha t  extended beyond the  outs ide  
of the mounting tabs. 
Experimental Results 
Strength data obtained for captured and spooled E glass  f ibers  are  recorded 
in  Table  ZIII. The prec is ion  Of the  s t rength  measurements S can be assessed by 
consideping the uncertainty in  the load measurement A L ,  and in  the  d iameter  
measurement A d  from the equation 
Since fly-out prevents measurement of diameter a t  point  of  f racture ,  the rela- 
t ive  uncer ta in ty  in  the  d iameter  was f ive percent  s ince t h i s  was found t o  be 
the var ia t ion in  diameter  over  a two inch length.  The r e l a t ive  unce r t a in ty  in  
the load a t  f racture  vaires  with the load because of  the short  term d r i f t  i n  
the electronics (two percent of full s c a l e ) .  Thus, t he re  i s  a greater uncer- 
t a in ty  in  the  load  fo r  f ibe r s  that f a i l e d  a t  low loads  than  for  f ibers  which' 
f a i l e d  at high loads. The uncertainty calculated for  each s t rength value from 
equation (1) is  recorded in Table XLIIL. 
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from Capture Load a t  
t o  Testing Failure 
(min) ( l b s )  
-1 5 0.08 20.01 
-15 0.34 +0.01 
“15 0.33 50.01 
-15 0.26 20.01 
-15 0.07 20.01 
-1 5 0.22 20.01 
-15 0.07 +0.01 
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f ly  out  
f ly  out  
f ly  out  
normal 
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normal 
f l y  out 
normal 
normal 




f ly  out  
f l y  ou t  
normal 
f ly   ou t  
normal 
f ly  out  
f l y  out 
f ly  out  
Notes -
f ibe r  damaged, not  tes ted 
samples E-1 through E-10 
virgin  strength measure- 
ments on glass fibers from 
seedy batch, see Fig. 7 
f ibe r  damaged, not  tes ted 
samples E-11 through E-21 
tes ted  a f te r  s torage  on 
winding drum f o r   f i v e  days 
samples E-22 through E-43 
are   virgin measurements 























Table XLIII (Cont ' a )  
Elapsed Time 
Pulling  Pulling from Capture Load a t   F iber  
Temp. Speed to   Tes t ing   Fa i lure  Diameter 
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- 4  
-/4 
- 4  
-4 
- 4  
0.51520.02 
0.88  +0.025 
0.66  T0.025 
0.64  E0.025 
0.75  20.025 
0.75  20.025 
0.86  +0.025 
0.77 T0.025 
0.66  T0.025 
0.73  z0.025 
0.73  20.025 
0.64  +0.025 
0.60  r0.025 
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f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
fly out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
f l y  out 
Notes 
Except f o r  3 measurements (E-1, E-6, and E-8) a l l  v i r g i n  fibers exhibi ted 
f l y  o u t  f r a c t u r e  and  had s t rengths  above  about 300,000 p s i .  The three low values 
were obtained on fibers pul led  from the seedy melt and presumably resulted from 
entrained bubbles.  The remaining virgin strength measurements are p l o t t e d  as a 
function of fiber diameter,  with drawing temperature and elapsed t i m e  before  
t e s t i n g  as parameters in Fig.  72. Fibers  tes ted  from t h e  winding drum after f fve 
days are p l o t t e d  i n  F i g .  73. 
Possible sources of s c a t t e r  and low s t rength  va lues  for  E glass  fibers 
t e s t e d  as described above have been investigated. Considerable uncertainty as 
t o   t h e   v a l i d i t y  of a given s t rength measurement e x i s t s  when t h e  f i b e r  f a i l e d  
i n  t h e  " f l y  o u t "  mode described previously.  This i s  because of the impossi- 
b i l i t y  of measuring the  f iber  d iameter  at t he  po in t  of f a i l u r e ,  and because it 
i s  not  possible  to  assess  whether  i n i t i a l  f a i l u r e  was i n  t h e  gage length.  In 
order  to  assess  the  preva lence  of  gr ip  fa i lures  occurr ing  wi th  f ly  out ,  a 
s e r i e s  of E g l a s s  specimens were taken from a spool and tes ted .  Al te rna te  
specimens were t e s t e d  i n  air ,  or damped w i t h  o i l  i n  o r d e r  t o  p r e v e n t  f l y  o u t .  
The method  of accomplishing the damping i s  shown i n  F i g .  74. A microscope s l i d e  
i s  pos i t ioned  jus t  below the  mounted f i b e r ,  and a drop of o i l  i s  placed on the  
s l i d e  so as t o  cover the fiber over most of t he  guage length.  Of t e n  samples 
broken without damping, f i v e  f a i l u r e s  were fly-out,  four were  normal ( i . e .  a 
s ing le  f rac ture  wi th in  the  guage length)  and one was a g r i p  f a i l u r e .  Of eleven 
samples broken with o i l  damping,  none  were f ly-outs ,  f ive were normal f a i l u r e s  
and s i x  were g r i p  f a i l u r e s  , i . e .  f r ac tu re  occur red  imed ia t e ly  ad jacen t  t o  the  
wax, or under the  w a x .  Thus, about half of undamped t e s t s  were fly-out,  and 
where fly-out was prevented it w a s  d i sc losed  tha t  about ha l f  t he  f a i lu re s  were 
g r i p  f a i l u r e s  and cannot be considered as va l id  data. 
Consider now the  s t rength  da ta  for  v i rg in  E g l a s s  f ibe r s  p re sen ted  in  the  
previous progress report .  This data i s  rep lo t ted  as a histogram  in  Fig.  75a. 
The mode of f a i l u r e  i n  a l l  instances was fly-out.  A bimodal d i s t r ibu t ion  of  
s t rength values  i s  observed. It  seems reasonable  that  the low strength values  
centered around 300 t o  350 x lo3 ps i  represent  gr ip  fa i lures  poss ib ly  resu l t ing  
from misalignment , and that high values centered around 450 x l o 3  p s i  a r e  v a l i d  
guage length  fa i lures .  
Based on these observat ions,  it w a s  decided t o  change t o  a paper tab  f i b e r  
mounting system f o r  t e n s i l e  specimens, because such a system would provide a 
degree of self-alignment for the tensile specimens,  and because it was thought 
that  the paper  mounts would absorb energy from fiber whiplash thus tending to 
damp fly-out.  Also, because several  tensi le  specimens  can  be  prepared  simultane- 
ously from a cap tu red  f ibe r ,  t e s t ing  can be speeded up. The capture device was 
modified so as to  capture  e ighteen inch lengths  of  f iber  between the bushing 
and t h e  take-up spool. The modified capture device, mounted on the  f ibe r i za t ion  
furnace,  was shown i n  F i g .  69. The captured f iber  i s  picked off $he capture device 
using a bent wire frame t o  which t h e  f i b e r  i s  temporarily glued, and transferred 
t o  a precut paper tape consisting of f i v e  ( 5 )  .paper mounting tabs. The f i b e r  
i s  a t t ached  to  the  tabs with de Khotinsky cement applied w i t h  a penci l  type 
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FIGURE 75. STRENGTH OF PRISTINE E  GLASS FIBERS 
solder ing i ron.  A t e n s i l e  specimen i s  then cut  from t h e  t a p e ,  mounted on t h e  
t e s t i n g  machine wi th  sp r ing  c l ip s ,  and t h e  mounting t ab  cu t  so as t o  permit loading 
the  f ibe r .  A t e n s i l e  specimen mounted on t h e  t e s t i n g  machine i n  t h i s  f a s h i o n  
i s  shown i n  F i g .  76. 
Virgin E g l a s s  f i b e r s  were captured and t e n s i l e  s t r e n g t h  measured using 
t h e  above procedure.   These  strength  data  are shown i n  Fig. 75b. Comparison with 
the  s t rength  da ta  obta ined  us ing  the  or ig ina l  mounting system ind ica t e s  t ha t  
a major source of low strength values has been eliminated. However, samples 
s t i l l  fa i led with f ly-out  making accurate diameter measurements a t  points of 
fracture impossible.  Diameters used in strength calculations are therefore  averages 
of  values  measured some dis tance from the point of fracture.  Variations in diameter 
along a captured eighteen inch length of f i b e r  were found t o  be as high as twenty 
percent.  Thus,  uncertainty in diameter i s  possibly the greatest  remaining source 
of s ca t t e r  i n  the  v i rg in  s t r eng th  data measured f o r  E g lass .  Fur ther  e f for t  
should thus be directed toward producing defect-free fiber of uniform diameter. 
Testing experimental  f ibers.  - Representative glass compositions that had 
previously been f iber ized in  the UAC apparatus and f o r  which modulus da t a  had 
been obtained were se l ec t ed ,  and v i rg in  s t rength  measured by t h e  method des- 
cribed. These data are  recorded on Fig.  77. The va lues  f a l l  rough ly  on a 
single curve of strength versus diameter.  Such behavior i s  t y p i c a l  of f i b e r s  
containing flaws and p robab ly  ind ica t e s  t ha t  t he  f ibe r i za t ion  p rocess  va r i ab le s  
which cont ro l  the  qua l i ty  of t he  f ibe r  r a the r  t han  any v a r i a t i o n  i n  g l a s s  
composition are determining the strength.  Fibers of these experimental  glasses 
were examined under the microscope, and i n  a l l  instances were found to  con ta in  
c rys ta l l ine  inc lus ions ,  examples  of  which a r e  shown i n  F i g .  78. The lowest 
strength values were seldom accompanied by fly-out and so the point of frac- 
ture could be observed. This was found frequent ly  to  be a t  such inclusions. 
In  o rde r  t o  a s ses s  qua l i t a t ive ly  the  poss ib i l i t y  of continuously pulling 
good qua l i ty  f ibe r s  of a short-working range high modulus glasses such as UAC- 
114, 135, 6,  7, 8,  126, 129 etc . ,  the  behavior  of  126 g l a s s  was examined i n  t h e  
microfurnace. The liquidus temperature was found t o  be  approximately 1460°C. 
A qua l i t a t ive  measure of the viscosity could be obtained by microscopic observation 
of the flow of g lass  as the  thermocouple w a s  withdrawn from the  g lass  sur face .  
By correlating observations on UAC 126 glass and E g l a s s  it was concluded t h a t  
in the temperature range 120O-125O0C, v iscos i ty  was in  the proper  range to  permit  
f i b e r  drawing.  This i s  i n  agreement  with  previous  experience i n  f i b e r i z i n g  t h i s  
composition. However, af ter  being held at 120OOC f o r  several  minutes ,  crystals  
could be discerned growing i n  t h e  g l a s s  a t  an appreciable rate.  After 1 0  min 
t h e  sample in the microfurnace was f i l l ed  wi th  c rys t a l l i ne  ma te r i a l .  
In  o rde r  t o  confirm tha t  t hese  r e su l t s  were indeed characteristic of 126 
glass  in  bulk and not s p e c i f i c  t o  t h e  p a r t i c u l a r  environment and high r e l a t i v e  
surface conditions of the microfurnace the following experiments were performed. 
A 50 m l  platinum crucible was charged with 126 glass buttons, and  a thermocouple 
arranged s o  as t o  be immersed when the  g l a s s  became l iqu id .  The c ruc ib le  was 
FIGURE 76. PAPER TAB FIBER MOUNTING  SYSTEhl I 
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" FIGURE 78. TYPICAL INCLUSIONS IN FIBERS 
h e a t e d  t o  156ooc, i .e .  100°C above t h e  l i q u i d u s ,  f o r  one hour, then removed from 
the  furnace  and cooled t o  room temperature. No c rys t a l l i ne  ma te r i a l  was observed 
i n  the  g l a s s .  The c ruc ib le  was r e t u r n e d  t o  1560Oc f o r  a n  hour then moved t o  
a cooler  por t ion  of the  furnace  where the temperature f e l l  t o  120OoC i n  about 
5 min. The glass was maintained at this temperature an additional twenty minutes,  
then removed from the furnace.  It was found t h a t  a considerable amount of  crystal-  
l i n e  material had  formed as shown i n  Fig. 79. It can be concluded t h a t ,  a t  least  
for  th i s  g lass ,  microfurnace  observa t ions  can  be  cons idered  to  apply  to  bulk  
conditions as well. Assuming that microfurance observations on other glass could 
equal ly  wel l  be  t rans la ted  to  bulk  condi t ions  , glasses  144 ,  129, 136 and 138 
were  examined in  the microfurnace.  Qual i ta t ive observat ion of  crystal  growth 
r a t e  a t  temperatures i n  the f iber izat ion range are  given below. 
Qualitative Observations on t h e  C r y s t a l l i z a t i o n  
of Experimental Glasses 
Approximat e Relat ive 
Approximate F ibe r i za t ion   Crys t a l l i za t ion  
Glass Liquidus Range Rat e 
114  1375 
126  1460 
129  1355 
136 1315 
138  1325 
1200-1250 rap id  
1200-1250 rap id  
1200-1250 re la t ive ly   s lowly  
1200-1250 r e l a t i v e l y  s l o w l ~  
1200-1250 qu i t  e slowly 
These qua l i t a t ive  obse rva t ions  a re  in  agreement with quantitative kinetic studies 
which showed the greater  effect iveness  of  La203 (glasses 136 and 138)  in  reducing 
t h e  c r y s t a l l i z a t i o n  r a t e  of co rd ie r i t e  i n  similar g lasses  compared t o  Y2O3 
(g lasses  114, 126,  129) .  The La203 bearing glass compositions should be more 
adap tab le  to  a continuous fiberization process.  
Recently,  strength measurement procedures have been only slightly modified 
by using Banker's Wax ( a  hard red seal ing wax) applied with a pencil-sized 
s o l d e r i n g  i r o n  t o  f a s t e n  t h e  specimen t o  t h e  p a p e r  t a b s  i n  p l a c e  of t he  Khotinsky 
cement o r ig ina l ly  employed. 
Using these procedures ,  the s t rength measurements shown i n  Table XLIV were 
obtained. The twenty-two consecutive measurements l i s t e d  i n  t h i s  t a b l e  gave  an 
average tens i le  s t rength  of 772,000 pounds per square inch and d iscard ing  the  
three lowest and three highest  values  the values  range from 600,000 l b s / i n .  t o  
1,000,000 p s i .  It w i l l  be  noted also that  there  i s  a cons iderable  var ia t ion  in  
diameter. The range in  s t r eng th  va lues  may be due t o  gas  t rapped  in  the  g lass  or 
l oca l  l ack  of uniformity i n  chemical composition or var i a t ion  i n  o r i f i c e  tempera- 
t u r e  or i n  t h e  l e v e l  of molten glass present in the bushing. Until the effects 
of such variables are understood and eliminaked, we cannot say with certainty 
what t he  s t r eng th  of t he  UARL 344 g l a s s  ac tua l ly  i s  and the average value of 
772,000 psi  obtained should be regarded as t h e  lower l i m i t  o f  s t rength  l ike ly  
to  be  obta ined .  
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Assessment of Strength of UARL 344 Glass 
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689 , ooo 
600,000 
1,089,000 
613 , 000 
600,000 
987 , 000 
824,000 
790,000 










649 , 000 
527,000 
Mean UTS 771,730 2 204,000 lbs/in. 2 
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EVALUATION OF EPOXY RESIN-GLASS FIBER COMPOSITES 
MADE WITH UARL GLASS FIBERS 
Preliminary Research on Sizing UARL Glass 
Fibers,  Expecially UARL 344 
A preliminary evaluation of UARL 344 g l a s s  f iber i n  an epoxy matrix ind i -  
ca t ed  tha t  t h i s  g l a s s  has  exce l l en t  s t r eng th  and modulus cha rac t e r i s t i c s  
(Table XLV). The room temperature non-aged t e n s i l e  and shear  s t rength  of  
UARL 344 glass-epoxy composites were equ iva len t  t o  composites made from "s" 
glass with HTS f i n i s h .  However, bo i l i ng  water treatment ( 2  hrs) of composites 
made from unsized UARL 344 glass caused a l a rge  r educ t ion  in  shea r  s t r eng th  
from 12,000 p s i   t o  2970 ps i ,  i nd ica t ing  tha t  a s i z ing  or coating w a s  required 
t o  p r o t e c t  t h e  g l a s s  from abrasive deter iorat ion and a coupling agent t o  pre- 
vent  moisture  degradat ion of  the f iber-resin interface.  
A l i terature  and patent  search w a s  made t o  determine the mater ia ls  that  
have been successful  in  protect ing glass  f iber  from mechanical de t e r io ra t ion  
and glass fiber-resin composites from moisture degradation. This survey indicated 
t h a t  t h e  e s s e n t i a l  components of a good surface f inish consis ted of  a wetting 
agent  having  an t i s ta t ic ,  lubr icant ,  and surfactant  propert ies  and a coupling 
agent having hydrophobic properties,  but f iber and r e s i n  bonding c a p a b i l i t i e s .  
With these properties under consideration, a ser ies  of  formulat ions were prepared 
and evaluated using UARL 344 g l a s s  f ibe r s .  The da ta  on t h e  e f f e c t  of two hour 
water ,bo*l  on the  sho r t  beam strength retent ion are  given in  Table  XLVI. Data 
for  uns ized  UARL f i b e r  are g iven  for  comparison. The encouraging results 
experienced with several  of  the f inish formulat ions suggested that  these formu- 
la t ions being evaluated af ter  exposure t o  more s t r ingent  condi t ions,  namely f o r  
24 hrs  and 168 h r s  (1 week) in  bo i l ing  wa te r .  
The r e s u l t s  of t hese  s tud ie s  a re  shown i n  Table XLVII .  The data ind ica t e  
that  f in i shes  UARL 237B, D ,  and C have protected the f iber-resin interface from 
severe degradation due to  bo i l ing  wa te r  t r ea tmen t  fo r  1 week. The r e s u l t s  a r e  
f u r t h e r  t a b u l a t e d  i n  t h e  form of percent  re tent ion of shea r  s t r eng th  a f t e r  
exposure to  bo i l ing  wa te r  for 1 week (Table X L V I I I ) .  The r e s u l t s  of t hese  
s tud ies  show t h a t  UARL f i b e r  , when properly protected by a su r face   f i n i sh ,  
exhibi ts  excel lent  shear  and f l exura l  s t r eng th  and s t i f f n e s s  p r o p e r t i e s  i n  
a composite, even when exposed t o  a boiling water environment. 
Comments on Composite Preparation and Propert ies  
A series of glass-epoxy composites w a s  fabr ica ted  and t e s t e d   i n   o r d e r   t o  
obtain some preliminary information on the  t r ans l a t ion  of f ibe r  p rope r t i e s  i n to  
composite properties.  In addition it w a s  an t i c ipa t ed  tha t  some ins igh t  would 
be  ga ined  in  poten t ia l  problem areas such as ease of fabrication, the need fo r  
coupling agents,  etc.  A t o t a l  o f  t e n  composites w a s  i n i t i a l l y  f a b r i c a t e d  u s i n g  
ERL-2256 epoxy as the matr ix  and glass compositions 344 and 347 as reinforcement. 










Glass Fiber 2256-0820 Epoxy Resin Composites 
Fiber 
Surf ace % Volume Density 
Treatment Void % d c c  
none -" 51 2.32 
none -" 74 2.61 
none 3.7 73 2.75 
none 2.6 59 2.41 











Strength Mo ulus 
103  psi  10% p s i  





Norm. t o  50 vol % 
Fiber 










HTS "- 1.99 10,330 "_ "- "- 
HTS 
HTS 0.6 67 2.07 
HTS 
HTS 2.9 53 1.86 14,950 150 7.4 148 7 - 0  
"- "- 
"- 77 2.16 5,990, 1 4 1  10 .1  91.5 6.5 
5 , 310 "- 
0.6 
-" 
59 1.96 15,200 
"- 
150 
"-  -  
7.5 124 6.35 
a f a i l e d  in shear, S/D = 2011; other flex t e s t s  r u n  a t  S/D = 32/1 
bstrength at room temperature after 2 hrs  water boil 
Table XLVI 













23M-1 + 231B-2 
2351) + 231B-1 
231A-1 + 231B-2 
235D + 231B-2 

































4 1  
Shear Strength 
~ r y ~  Wetb % 
psi psi Retention 
12,000 2,970 25 
1 4  , 800 3,913 26 
14,042 7,733 55 
12,475  8,157 65 
13 , 700 11 , 660  86
12,750  11,300 89 
13,000 11 , 750 90 
13,930 12,550 90 
11 , 683 7 , 610 65 
12,770  11,650 91 
15,650  14,580  93 
16,350 14,850 91 
16,690 15,133  91 
12,570 12,860 102 
Flex. Properties 
Strength Mo ulus 
103 ps i  10 psi  t 
"- 12 .1  
264' 11.6 
"- -" 
"-  -" 
245' 10.4 







bstrength at  RT a f t e r  2 h r  water boil 
c4-point f lexural  t es t ,  measured at a span-to-depth r a t i o  of 20/1  
db-point f l exura l  t e s t  measured a t  a span-to-depth ra t io  of  32/1 e 
strength at room temperature 
t h i s  i s  a UARL proprietary treatment developed on UARL Corporate funds 
UARL 344 Glass Fiber-Epoxy Resin Laminates - Effect of UARL Glass Finish 
Shear  Strength,  psi F l m a l  P r o a e s  * 
Strength lO3psi Modulus' loopsi 
vetb Wetb  Wetb  Wet  Wet 
Fiber Wetb After  After  After Wet After  After 
Composite Surf  ace Void Vol 2 24  72 168 After 72 72 
No. Treatment - % % Drya hrs hrs hrs  hrs Dry 2 hrs  hrs  Dry hrs 
634 ( S-glass ) H T S ~  0.6 67 13,920  13,820  12,230  11,800 11,750 215' --- "- "-  "- 
691 231A-1+231B-2 1.9 41 12,570  12,860 --- "- "- 157' --- "- 8.0 --- 
706  237B 1.4 45 12,770  10,650 --- _-_ 10,680 ___ -__ "- "-  "- 
Iu 
710 237D 1.9 59 15,650  14,580 --- 10,250 LO ,600 --- --- "- "- -" 
711 237C 3.3 49 12,750  11,300 --- 9,730 8,420 --- --- 190 . "- lo .9 
a 
bstrength a t  RT a f t e r  t he  ind ica t ed  no. of hrs i n  bo i l ing  wa te r  
s t rength a t  room temperature 
C 4-point f l e x u r a l  t e s t  measured a t  a span-to-depth r a t i o  of 32/1 










Shear Strength Retention of UARL 344 Glass-Epoxy Resin Composites 
Shear Strength, psi 
Fiber Wetb % Wet % % 
Finishe -a 2 hrs  Retention 72 hrs  Retention 1 Week' Retention 
HTS 13,920  13,820 99 11 , 800 85 11,750 85 
2378 + 231B-2  1 ,00075  91 "_ "- 9,750 75 
23l.A + 231B-2  12,570 12,860 102 "- "- "-  "- 
237B  12,770 10,650 86 "- "- 10,680 84 
237D  15,650 14 , 580 93 10,250 66 10 , 600 68 
237C 13,750 11 , 300 89 9,730 76 8 , 420 66 
"strength at room temperature 
bstrength at  RT a f t e r  2 hr water boil 
'strength a t  RT a f t e r  72 hr  water  boi l  
'strength a t  RT a f t e r  168 h r  (1 week) water boil  
e th is  i s  a UARL proprietary treatment developed on UARL Corporate funds 
representa t ive  of  the  bes t  which can be obtained from high modulus g l a s s  com- 
p o s i t e s  f o r  two reasons: f i r s t ,  the glass compositions used were those which 
were r ead i ly  f ibe r i zed ;  no attempt was made t o   u s e  compositions having maximum 
modulus; second, composite quality was not optimum due to  inexper ience  i n  
working wi th  the  f ibe r s ,  and t o   t h e  method necessary to  prepare the composi tes .  
Glass fi lament was drawn 'from a single-hole bushing and wound on a drum 
which had been previously covered with a sheet of mylar film. By t ravers ing  
the  drum from s ide  to  s ide  du r ing  the  drawing operat ion,  a unid i rec t iona l  layer  
of glass fi laments approximately three inches wide was obtained. The "thickness" 
of the  layer  in  te rms  of  the  number of filaments was dependent on t h e   t o t a l  
length of filament drawn. 
Impregnation of the filaments with epoxy res in  was accomplished by simply 
brushing on a 60% sol ids  solut ion of  ERL-2256/acetone. The impregnated  "tape" 
and mylar backing were then cut from the  drum and b-staged i n  an a i r  c i r cu la t ing  
oven f o r  approximately 15 minutes at 100°C. The tape  was next  cut  into pieces  
of t he  des i r ed  s i ze ,  t he  mylar backings were removed, and the  l aye r s  were stacked 
i n  a mold. The cure and post cure cycles were as follows: 
__c 
Time Temperature Pressure 
10 min 80° C contact 
2 hrs  8OoC 200 p s i  
2 hrs  150°C post  cure  in  oven 
Four po in t  f l exure  t e s t s  (S/D = 32/11  and short  beam s h e a r  t e s t s  (S/D = 5/1) 
were carr ied out  on the composites. Fiber volume f r ac t ion  w a s  determined by a 
standard burn-off technique. The r e s u l t s  of t h e  t e s t s  a r e  p r e s e n t e d  i n  T a b l e  XLV 
along with some comparative data for HTS-901 glass/epoxy obtained from a composite 
made and t e s t e d  by UARL. Propert ies  in  the table  are  averages of t h r e e  t e s t s .  
Considering the flexural modulus data, it can be seen that there was f a i r l y  
good t r a n s l a t i o n  of f i b e r  modulus i n t o  composite  modulus. Back ca lcu la t ing  the  
modulus of composition 344 using a n e t t i n g  a n a l y s i s  f o r  t h e  f i r s t  t h r e e  composites 
i n  t h e  t a b l e  r e s u l t s  i n  a f i b e r  modulus of 16.6 x 10  6 psi .  This value is  
approximately 2 x 10 p s i  less than that determined by f i b e r  t e s t i n g .  The da ta  
f o r . t h e  composites re i  forced  wi th  347 g lass  ind ica te  tha t  the  f iber  modulus i s  
approximately 2.5 x 10  ps i  l e s s  t han  tha t  of 344 g lass ,  bu t  no f ibe r  da t a  were 
ava i l ab le  fo r  347 f o r  d i r e c t  comparison. 
6 
8 
The f lexura l  s t rength  da ta  must be considered in l ight of t h e  f a i l u r e  mode 
of the composites. A s  indicated in  Table  XLV, t h ree  of t h e  composites f a i l e d  i n  
shear ,  so  in  those cases  the calculated f lexural  s t rengths  have no r e l a t i o n  t o  
t h e  t e n s i l e  or com ressive propert ies  of t he  composite. Consequently, the 
v d u e s  of 245 x 10 3 p s i  and 224 x lo3  ps i  a re  cons idered  to  be more represen- 
t a t i v e  of the  f lexura l  s t rengths  of composites reinforced with 344 and 347 
g lasses ,  respec t ive ly .  The shear strengths of the composites reinforced with 
fi laments which had no coupling agent were quite good. 
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It w i l l  be noted that the epoxy-resin composite with UARL g l a s s  f i b e r  shows 
a modulus for ty  percent  higher  than that  achievable  with the most common type of 
competi t ive glass  f iber ,  and twenty percent higher than that obtainable with 
the best  avai lable  grade of  competi t ive f iber .  Specimens  have  been sub jec t ed  to  
f lexural s t r e s s e s  as high as 277,000 p s i  a t  which point shear failure occurred. 
Composite t ens i l e  s t r eng ths  in  excess  of 300,000 ps i  appear  l ike ly  wi th  the  
UARL 344 g l a s s  f i b e r .  Even fu r the r  i nc reases  in  composite strength may be 
r ea l i zed  by applying a surface f inish during the preparat ion of the  f iber  a l though 
t h i s  i n v e s t i g a t i o n  i s  s t i l l  in  the prel iminary s tage.  Shear  s t rengths  are  
grea te r  than  16,000 p s i .  
Micrographs of t h ree  UARL 344 glass fiber-epoxy resin .composites recently 
prepared i n  our  laboratory are  shown i n  F i g .  80. While we cannot claim t h a t  
these composites are as uniformly f i l l e d  as similar commercial composites, it 
should be noted that  there  i s  v i r t u a l l y  no glass-to-glass contact , t h a t  v a r i a t i o n  
i n  g l a s s  s i z e  i s  r e l a t i v e l y  small, and t h a t  a l l  t he  g l a s s  f ibe r s  a re  a t  l e a s t  as 
round as the very best  grades of tungsten or s t a i n l e s s  s t e e l  or copper wires. 
It i s  bel ieved,  accordingly,  that  measurements made on these  and similar com- 
posi tes  give a va l id  p i c tu re  of the properties of such composites. 
Polyimide-Fiber Glass Composites 
The object ive of  the current  work was t o  determine the effectiveness of 
t h e  new high modulus g lass  as a reinforcing f i lament  for  a high temperature 
res in  mat r ix  as compared t o  conventional "S" g las s .  
The composites, 1 112 i n .  x 5 i n .  - 16 p ly ,  were fabricated by compression 
molding techniques using Monsanto RS-6228 polyimide resin. The only difference 
i n  f a b r i c a t i n g  t h e  two types of glass  f i lament  w a s  t he  method used t o  apply the 
res in  so lu t ion .  The high modulus g lass  was received wound  on a mandrel and the  
res in  so lu t ion  was simply painted over the wound f i b e r s .  By this  technique it 
i s  d i f f i c u l t  t o  a c h i e v e  uniform resin thickness  and fiber spacing. The "S "  g las s  
roving was coated by f i r s t  drawing the  tow through a dip tank of r e s in  so lu t ion  
followed by drum winding, similar to  graphi te  f i lament .  
The composites, a f te r  pos t  cure ,  were t e s t ed  in  f l exure  bo th  a t  room and 
elevated temperature. The r e s u l t s  a r e  l i s t e d  i n  T a b l e  X L I X .  
I n  s p i t e  of t he  low f lexural  s t rengths  obtained with the new glass fi lament , 
the  high modulus , 13.65 x lo6 at  room temperature,  indicates the excellent 
p o t e n t i a l  t h i s  t y p e  of g lass  exhib i t s  as a reinforcing f iber  in  high temperature  
res in matr ices .  The poor f iber  spacing as seen in  Fig.  81 which shows a con- 
s iderable  number of f ibers  touching as wel l  as t h e  absence of a s iz ing  or coupling 
agent normally employed on g l a s s   t o  improve bonding between f i b e r  and r e s i n  a r e  
two f ac to r s  which would account fo r  t he  in i t i a l  s t r eng th  r e su l t s  ob ta ined .  Use 
of coupling agents as wel l  as improved fabrication techniques w i l l  provide 
composites of more optimum mechanical properties. 
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500X ENLARGEMENT 
FIGURE 80. UARL 344 FIBER GLASS-EPOXY RESIN COMPOSlTES 
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Table XLIX 
RS-6228 Polyimide/Glass Reinforced Composites 
High Modulus Glass 
v/o f i b e r  
R.T. 500°F 
56 
Flexura l  s t rength  (ps i )  
6 Flexural  modulus ( p s i  x 10 ) 13.65 10.9 
85 J50a 58 ,OOOb 
"S" Glass 
v/o f i b e r  
R.T. 277OF 
67 
Flexura l  s t rength  (ps i )  
Flexural  modulus ( p s i  x 10 ) 8.26 7.6 6 
186 oooa 240 OOOb 







bMeasured by 3-poin t  f lexura l  t es t  
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FIGURE 81, HIGH MODULUS  GLASS REINFORCED  POLYIMIDE COMPOSITE 
Improvement i n  S p e c i f i c  Modulus of Epoxy-Glass F iber  
Composites as Fiber  Modulus Increases 
Calculations by Mr. R.  Novak of t h i s  l abora to ry  of t h e  modulus of a 70 
vo l  glass f i b e r  epoxy resin composition with a layup 245' shows t h e  marked 
advantage of UARL 344 g l a s s   f i b e r s   i n  modulus l imi ted  appl ica t ions :  
Density Modulus Spec i f ic  Modulus 
F ibe r   l b s   / i n . mi l l on   p s i t en   mi l l i on   i nches
E 0.0776 
S 0.0762 







These r e s u l t s  a r e  examined graphica l ly  in  F ig .  82 as wel l  where t h e  r e s u l t s  have 
f irst  been normalized t o  50 percent  g lass  f iber  f i l l .  
Comparative Evaluation of UARL 344 Glass 
Fiber-Epoxy Resin Impact Specimens 
Full-size notched Charpy specimens were prepared from graphite fiber-epoxy 
r e s i n  , UARL boron fiber-epoxy resin , UARL 344 f i b e r  glass-epoxy r e s i n ,  and 
f u l l y  s i z e d  Owens-Corning "S" f i b e r  glass-epoxy r e s in  and sub jec t ed  to  impact 
i n  an impact t e s t i n g  machine. The r e s u l t s  of t h e  t e s t  a r e  shown below. It 
w i l l  be  noted that  the UARL 344 glass-epoxy r e s i n  composite has a va lue  grea te r  
than seven times that of graphite fiber-epoxy resin and three  t imes  tha t  of 
boron fiber-epoxy resin. However, apparently the higher modulus of UARL 344 
g lass  compared t o  Owens-Corning "S" r e s u l t s  i n  a lower impact va lue  for  UARL 
344 g l a s s  f i b e r  composite a t  l e a s t  i n  t h i s  c a s e  where unsized and unprotected 
UARL 344 g l a s s  f i b e r  was incorpora ted  in  the  composi te  in  cont ras t  to  fu l ly  
s ized  and protected "S" glass roving. The t e s t ,  of course, w i l l  be repeated 
using sized specimens of UARL 344 g l a s s  f i b e r .  
Preliminary Data on Comparative Impact Tests of Some 
of t h e  Newer Fiber-Epoxy Resin Composites 
Impact Value 
( f t   l b s )  Young I s 
% Full Size Modulus 
Type of Sample Fiber Notched Charpy mi l l ions   ps i
Graphite fiber-epoxy 55 4 
Boron fiber-epoxy 55 10 
UARL 344 glass-epoxy 63.3 30 







PRELIMINARY MANUFACTURING RESEARCH 
The "poor-man's bushing" i n  u s e  at UARL throughout most of the  cont rac t  and 
d e s c r i b e d   i n   d e t a i l . i n  an e a r l i e r   s e c t i o n   f a i l e d   t o   y i e l d   s u f f i c i e n t l y   u n i f o r m  
and de fec t - f r ee  f ibe r  su i t ab le  fo r  s t r eng th  measurements. UARL has ,  therefore ,  
purchased two platinum-20% rhodium single  hole  glass  bushings of  the more con- 
vent ional  type as shown i n  Fig. 84a. This design, which i s  a UARL design, 
hopefully combines the  bes t  f ea tu re s  of single-hole bushings described by Tiede 
(Refs. 87,101) and the National Bureau of Standards (Ref. 102). The two bushings 
have now been t e s t e d  and i n s t a l l e d  and one of these was used t o  form the  l a rge  
amounts of "E" g las s  f ibe r  fo r  t he  s t r eng th  measurements already described. 
In  a t tempt ing  to  form t h e  UARL 344 g l a s s  f i b e r  by means of t h i s   o r i g i n a l  
design single-hole bushing, the glass i tself  was  f irst  remelted t o  form a shaped 
s l u g  t h a t  would f i t   t h e  platinum-rhodium single-hole bushing shown i n  t h e  
engineering sketch as 84a. The bushing i t s e l f  was insu la ted  and heated by a 
massive current (1000 amperes at 1 .3  vol ts . ,  60 cycle a.c.) supplied through water- 
cooled copper electrodes. Trouble quickly developed since with this original 
design bushing of Fig.  84a, the temperature  a t  the top of the platinum bushing 
was approximately 35OoC cooler than the temperature on the  s ide  of the bushing 
and j u s t  a quarter inch above t h e  o r i f i c e .  A s  a consequence .of the  lack  of 
suf f ic ien t  hea t  a t  the  top  of the bushing t o  prevent nucleation of UARL glass  344, 
the glass  br idged across  the top and in te r fe red  wi th  the  cont inui ty  of operation 
by making it impossible t o  charge a second shaped slug of glass. As  a temporary 
expedient t o  a l l e v i a t e  t h i s  c o n d i t i o n  t h e  i n s t a l l a t i o n  of a gas-oxygen r ing burner  
around t h e  t o p  of the bushing was suggested,  but instead it seemed s impler  to  p lace  
a hallowed-out refractory brick carrying two sil icon carbide heating element on 
top  of the bushing with the platinum lid removed. This device proved satisfactory 
and allowed the necessary temperature  dis t r ibut ion to  be obtained,  i .e .  the  top 
of the furnace approximately 4 5 O C  hotter than the bottom. 
Even wi th  th i s  auxi l ia ry  top  hea ter ,  no g l a s s  f ibe r s  were made i n i t i a l l y  
because the glass did not form the proper shape drop close enough t o  t h e  o r i f i c e .  
A t  the suggestion of Dr. W. N. Otto who was v i s i t i n g  UARL on other  business ,  a water 
cooler was i n s t a l l e d  d i r e c t l y  below t h e  o r i f i c e  t o  r e p l a c e  t h e  argon j e t  c o o l i n g  
o r ig ina l ly  used  and t h i s  worked s a t i s f a c t o r i l y .  It w a s  poss ib le  to  car ry  out  
f i be r i za t ion  runs las t ing several  hours  with this  apparatus  and more than  f ive  
mi l l ion  fee t  of 0.4 m i l  f i b e r  was prepared from t h e  slugs of UARL 344. In  the  
meantime, the or iginal  design of  glass  f iber  bushing shown i n  F i g .  84a has been 
twice changed as may be seen from Figs.  84b & 84c. The resultant bushing appears 
as shown i n   t h e  photograph of Fig.  85. Using t h i s  v e r s i o n  of the bushing more than 
one hundred mill ion feet  of UARL glass  f iber  has  been made without any ser ious  in te r -  
ruptions or down time. Operating variables have included a v a r i a t i o n  i n  o r i f i c e  
temperature from 126OOC t o  131OoC., a v a r i a t i o n   i n   t h e  head of molten glass from 
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FIGURE 85. FINAL DESIGN UARL PLATINUM-RHODIUM  BUSHING 
The mode of operation most successful with the single-hole bushing design 
sketched in  Fig.  84c and photographed i n  F i g .  85 i s  t o  completely f i l l   t h e  
bushing with a previously prepared glass  s lug,  heat  the mold t o  g i v e  t h e  d e s i r e d  
or i f ice  temperature ,  a l low the drop to  form and f a l l   t o   t h e  45O d e f l e c t i o n  p l a t e  
near the winder with the winder running slowly and t o  g r a d u a l l y  a c c e l e r a t e  t h e  
winder until the  des i r ed  winding rates  are  achieved.  Glass i s  then added a t  t h e  
r a t e  of about one 3 /8  in .  th ick  s lug  s l ice  every  hour .  The winding can be con- 
t i n u e d  i n d e f i n i t e l y  i n  t h i s  manner or s t a r t e d  and stopped a t  w i l l .  S ingle  
lengths  of s e v e r a l  m i l l i o n  f e e t  i n  one piece can be obtained during the s ingle  
working s h i f t  t h a t  we normally operate. No top  hea ter  i s  needed with t h i s  
design. 
Multihole (6-ho1e) Bushing Operations 
Recen t ly  the  f i r s t  a t t empt s  to  draw f i b e r s  from UARL 344 g l a s s  compo- 
s i t ion through the use of  a multihole bushing were made. Figure 86 shows a 
photograph  of the s ix-hole  bushing actual ly  used.  Figure 87 shows s i x  g lass  
f ibers  be ing  drawn simultaneously from this  bushing.  Although severa l  l a rge-  
sca le  g lass  f iber  manufac turers  ind ica ted  tha t  they  d id  not  th ink  mul t iho le  
operat ions with the UARL 344 glass composition would be  f eas ib l e ,  ac tua l ly  UARL 
has found no problem i n  drawing f i b e r s  from the six-hole platinum-rhodium 
bushing. A typical  temperature  prof i le  for  the bushing during successful  s ix-  
hole operation i s  a reading of 1315 t o  1360OC f o r  t h e  thermocouple on t h e  edge 
of t he  bottom weld and 1480°C f o r  t h e  thermocouple an inch and a quar te r  up 
from t h e  bottom weld and on the  oppos i te  s ide .  Hole s i ze  fo r  t h i s  bush ing  i s  
0.038 in.  diameter in marked c o n t r a s t  t o  t h e  much l a r g e r  h o l e  s i z e  employed i n  
most commercial  bushings. The holes are placed on quarter- inch centers  in  two 
rows. Drawing speeds for  successful  operat ion have so fa r  been in  the  r ange  of 
3000 f t / m i n  t o  6000 f t /min.  Original  t r ia ls  using a water-ring cooler of the 
type employed i n  our monofilament operations showed the necessi ty  of using 
a l te rna te  cool ing  schemes.  Replacement  of the water-ring with a system  of small 
air j e t s  fo r  coo l ing  p roved  to  be  sa t i s f ac to ry .  More recent ly  a s impl i f ied  
vers ion of the  air j e t  system comprised of only two a i r  j e t s  seems t o  be even 
b e t t e r  . 
No composite samples have as y e t  been fabricated from UARL 344 g l a s s  f i b e r  
using the 6-ho1e bushing and no measurements have as ye t  been made on t h e  f i b e r  
i t s e l f .  The re fo re ,  t he  e f f ec t s  of  mult ihole  operat ion on the propert ies  of  this  
g l a s s  are completely unknown a t  th i s  t ime.  
,  .' 
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FIGURE 86. UARL DESIGN 6-HOLE PLATINUM-RHODIUM BUSHING 
FIGURE 87, UARL 344 GLASS FIBERS ARE SIMULTANEOUSLY DRAWN FROM 
EXPERIMENTAL 6-HOLE  BUSHING 
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CONCLUSIONS 
1. This contract  to date has produced three promising directions in which 
t o  move in  search of  high-modulus high-strength glass f i b e r s .  
a. The cord ier i te  g lass  sys tem vi th  ra te  ear ths  and/or  z i rconia  as 
major constituents has yielded bulk glass specimens with values for Young's 
modulus as high as 21.1 mil l ion psi  and a spec i f i c  modulus of 174 mi l l ion  
inches.  
b. The UARL development  of invert analog glass systems has produced 
bulk glass specimens with values for Young's modulus of 22.75 m i l l i o n   p s i  and 
s p e c i f i c  moduli of 200 mill ion inches.  
c.  A prel iminary explorat ion of two phase glass systems has indicated 
t h a t   t h e  second phase develops so  r a p i d l y   t h a t  it can be produced as t h e   g l a s s  
f i b e r  is  dralm with subsequent pronounced improvement i n  modulus. V e r y  l i t t l e  
research in this area has produced glasses with moduli  as high as 15 mi l l ion  
p s i .  These systems o f f e r  a most promising new and unexplored approach. 
2. One of these compositions, UARL 344, has been used t o  produce more 
than 100 mi l l i on   f ee t  of monofilament and has recently been successfully pro- 
cessed in  a multihole (six-hole) platinum-rhodium bushing t o  produce continuous 
glass f i b e r s  at reasonable rates of speed such as 5000 ft /min. Coupled with 
t h e  f a c t s  t h a t  t h e s e  g l a s s  f i b e r s  i n  monofilament form shoved a Young's modulus 
of 18.6 mi l l i on  ps i  a s p e c i f i c  modulus of 157 mil l ion inches and a probable 
s t rength  of around 770,000 ps i ,  t h i s  g l a s s  shou ld  o f f e r  an a t t r a c t i v e  commercial 
product .  Addit ional  tes ts  with UARL 344 glass fiber-epoxy resin composites 
inc luding  tens i le  s t rength ,  compress ib i l i ty ,  s ta t ic - fa t igue ,  and boi l ing water  
t e s t s  on composites fabricated xith experimental sizes should f i l l  i n   t h e   p i c -  
ture  of  the usefulness  of t h i s  glass. 
3. The d i rec t ions  in  vhich  we are  a l ter ing the composi t ions of  our  non- 
' beryl l ia   containing  glasses   have  suff ic ient ly   modif ied  the  working  character is t ics  
of such glasses so  as t o  support  the hope t h a t  a nonberyl l ia  glass composition 
at l e a s t  as usefu l  as t h e  UARL 344 composition vi11 evolve. 
4. Preliminary examination of t h e  impact  character is t ics  of t h e  UARL 
glasses  and epoxy resin-UARL glass  f iber  composi tes  ind ica te  tha t  a much more 
careful examination of a l l  our prior glass compositions i s  i n  o r d e r  s i n c e  t h e  
glasses  examined showed enhanced impact resistance.  These studies also indicate 
tha t  our  h ighes t  modulus glasses are probably not our s t ronges t  and addi t iona l  
s tudies  of  the s t rength of some of t h e  e a r l i e r  UARL compositions are clearly needed. 
5. The making of glass f ibe r  su f f i c i en t ly  f r ee  o f  de fec t s  t o  p rov ide  con- 
s i s t e n t  s t r e n g t h  measurements requires  a conventional type single-hole glass 
bushing. 
6. For glass fibers of nonconstant diameter due to  occas iona l  c rys t a l l i ne  
inclusions an ul t rasonic  pulse  technique of  modulus measurement i s  capable of 
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ABSTRACTS OF THFEE PAPERS  PRESENTED DURING 
THE CONTRACTUAL  PERIODS 
We enclose,  for  completeness ,  the abstracts  of three papers presented at 
the meetings during the course of the contract .  The first of these papers 
will be published shortly as p a r t  of the proceedings of the 1969 Annual Meeting 
of t he  In t e rna t iona l  Commission on Glass. 
Paper presented at J o i n t  Meeting of In t e rna t iona l  Commission on Glass and The 
Canadian Ceramic Society, Toronto, Canada, Sept. 3-6, 1969 
Studies  of  the Young's Modulus of Magnesia-Alumina-Silica- 
Rare Earth Glass Systems with Respect t o   t h e i r  
Composition and Crys ta l l iza t ion   Kine t ics  
Glasses prepared from mixtures of magnesia-alumina-silica i n  such propor- 
t ions  tha t  the i r  p r imary  c rys ta l  phase  on d e v i t r i f i c a t i o n  i s  e i ther  sapphi r ine  
o r   c o r d i e r i t e ,  and t o  which e i t h e r  a rare earth oxide or zirconia have been 
added have been found t o  have unusually high values of Young's modulus. After 
preparat ion these glasses  are  character ized by measurement of t h e i r   d e n s i t y ,  
modulus, and f i b e r i z a b i l i t y .  Examination of t h e  results obtained shoved that 
t h e  moduli of these glasses can be successfully calculated by t h e  methods of 
C.  J.  P h i l l i p s  (Ref. 1) and t h a t  t h e  molar coef f ic ien ts  for  the  ra re-ear ths  
cer ia ,  l an thana ,  and yttria as well as fo r  z i r con ia  are as l a rge  o r  l a rge r  t han  
the  cor rec ted  Phi l l ips '  molar  coef f ic ien t  for  bery l l ia .  
Direct microscopic observations of t h e   k i n e t i c s  of c rys t a l l i za t ion  o f  the 
MgO-Al203-SiOz-rare earth systems showed tha t  t he  r a re -ea r ths  added t o   i n c r e a s e  
Young's modulus a l s o  had t h e   b e n e f i c i a l  result of  ac t ive ly  de lay ing  the  onse t  
o f   dev i t r i f i ca t ion .  
The techniques used in  preparing these high melt ing glass  composi t ions,  in  
de te rmining  the i r  f iber izabi l i ty ,  in  s tudying  the i r  c rys ta l l iza t ion  rates , and 
i n  preparing and evaluat ing the samples used f o r  modulus measurement are sketched 
b r i e f l y .  (The results of  the  several   experiments are tabula ted . )  These results 
show t h a t   t h e  most favorable non-toxic composition found had a value f o r  Young's 
modulus o f   s l i g h t l y  more than 20 mi l l ion  pounds per  square inch while  cordier i te  
base compositions t o  which' b e r y l l i a  was in t en t iona l ly  added yielded  glasses   with 
Young's modulus as high as twenty-two mi l l ion  pounds per square inch. 
i 
Paper presented at t h e  Symposium of New England Section of the American Ceramic 
Society "Ceramic Spectrum i n  New England", Massachusetts I n s t i t u t e  of Technology, 
Cambridge, Mass., October 21, 1970 
Recent Developments of High Modulus Glass Fibers  
The Research Laboratories of the United Aircraft Corporation under Contract 
NASI{-1301 and i t s  successor,  NASW-2013 by James J. Gangler of NASA/OART Washing- 
ton Headquarters, have originated more than 450 new glass compositions. These 
compositions can most readi ly  be  d iscussed  in  three  ca tegor ies :  h igh  modulus 
glasses containing beryllia as a const i tuent ,  high modulus glasses  without  beryl l ia ,  
and two-phase glasses .  Alternately,  the discussion can be carried out under three 
other headings; namely, cord ier i te  base  g lasses  w i t h  and without  beryl l ia ,  
invert-analog glasses w i t h  and without beryll ia,  and two-phase glass systems. 
The t a lk  today  w i l l  use  th i s  second set of headings as most i l l u s t r a t i v e  of t h e  
mode of approach employed i n  o r i g i n a t i n g  the new glasses .  
I n   t h e   c a s e  of t h e   c o r d i e r i t e  base g lasses  , i .e.  magnesia-alumina-silica- 
r a re  ea r th  g l a s ses ,  it w a s  found by s tudying  the  g lass  c rys ta l l iza t ion  k ine t ics  
t h a t  t h e  rare earth oxides  delayed the onset  of  devi t r i f icat ion so t h a t  such 
compositions proved suitable for the production of rapidly chil led bulk glasses 
and glass  f ibers  having high elast ic  moduli .  It was a l so  found possible  to  
ca l cu la t e  t he  Young's modulus of the c o r d i e r i t e  or beryl base glasses  by t h e  
methods of C .  J.  P h i l l i p s  (Ref. 1). Experimental determination of the molar 
coefficients for elements such as yttria, lanthana, and cer ia  no t  on ly  showed 
their  molar  contr ibut ions to  Young's modulus t o  be as g rea t  or grea te r  t han  the  
corrected molar  contr ibut ion of  beryl l ia  but  a lso increased the range of compo- 
s i t i o n s   t o  which Phill ips-type calculations could be applied.  
New glasses  of the invert  analog-rare  earth glass systems proved t o  have 
even higher moduli t han  the  co rd ie r i t e  or bery l  base  g lasses  but  were not as 
r ead i ly  f ibe r i zab le .  The bes t  of  these glasses  i s  UARL 383 which has a value 
f o r  Young's modulus i n   t h e  bulk s ta te  0f .22 .8  mi l l ion  ps i  and a s p e c i f i c  modulus 
of 200 mill ion inches and i s  f ree  of  beryllia. It i s  not  ye t  poss ib le ,  however, 
t o  p r e d i c t  t h e  Young's modulus of these  g lasses  by Phi l l ips- type calculat ions.  
One p a r t i c u l a r  UARL g l a s s ,  namely, UARL 344, has been studied extensively. 
This g la s s  i n  bu lk  s t a t e  has  a Young's modulus of 20.3 mill ion psi  and a spec i f i c  
modulus of 168 mil l ion inches.  A s  f iber,  UARL 344 has a Young's  modulus of 
18.6 m i l l i o n   p s i ,  a spec i f i c   s t r eng th  of 161 mil l ion inches , a probable strength 
of around 770,000 p s i .  It can r ead i ly  be f i b e r i z e d  b o t h  i n  a single-hole 
bushing (over 50,000,000 l i n e a l  f e e t )  and a multi-hole or six-hole bushing and 
can be e a s i l y  made i n t o  f i b e r  glass-epoxy resin composites. The results of 
evaluation of such composites proved that  a UARL 344 glass fiber-epoxy resin 
composite has a modulus 40 pe rcen t  be t t e r  t han  that achievable using the more 
common grade of competitive glass f iber  and 20 pe rcen t  be t t e r  t han  that  obtain- 
able  w i t h  t h e  best avai lable  grade of  competi t ive glass  f iber .  In  addi t ion,  
UARL 344 glass fiber-epoxy resin composites have an impact resistance seven I 
Y -  t imes  greater   than similar composites made w i t h  g raph i t e   f i be r .  
i 
The mode of f rac ture  of  UARL 344 glass i n   t h e  bulk s t a t e  i s  i n t e r e s t i n g  
and has caused us t o  start examining some of our other  glasses  for  impact  res is-  
tance and mode of fracture.  Extremely preliminary research indicates that  some 
of t h e  UARL high modulus glasses with lover moduli may have much grea te r   s t rength .  
In conclusion, some of t h e  problems i n  measuring moduli , s t rength ,  and impact 
res i s tance  a re  br ie f ly  d iscussed .  
Paper presented at ASTM Symposium on "High Performance Fibers-Properties, 
Applications and Test Methods" , Williamsburg, Va. , Nov. 17-18 , 1970 
The Origination and Testing of New High-Modulus Glass Fibers  
Contract NASW-1301 and i ts  successor,  NASW-2013 monitored by J.  J. Gangler 
of NASA Headquarters and carried out by the United Aircraft  Research Laboratories,  
is  almost at the  end of i t s  f i f th  year .  In  th i s  t ime,  approximate ly  500 new glass  
compositions have been prepared. Of these ,  a t o t a l  of a dozen glass compositions 
have values for Young's modulus measured on bulk specimens greater than twenty 
mi l l ion  pounds per square inch and another dozen have values between nineteen 
and twenty million pounds per square inch as bulk specimens. The g lasses  or ig i -  
nated belong either to the magnesia-alumina-sil ica-rare earth glass family having 
as t h e i r  primary crystal phase on dev i t r i f i ca t ion  e i the r  s apph i r ine  or cord ie r i t e  
or to  the invert  analog-rare  ear th  glass  system. 
In  the  case  of the magnesia-alumina-sil ica-rare earth glasses,  it was 
found by s tudying their  crystal l izat ion kinet ics  that  the rare  ear th  oxides  
delay the onset  of  devi t r i f icat ion so that such compositions prove suitable for 
the production of rapidly chi l led bulk glasses  and glass  f ibers  having high 
e l a s t i c  moduli. In has also been found possible t o  c a l c u l a t e  t h e  Young's 
modulus of the magnesia-alumina-sil ica-rare earth glasses by t h e  methods of 
C.  J .  Phi l l ips  (Ref .  1). These calculation procedures proved to be readily 
extendable t o  a greater range of glass compositions by determining experimentally 
the molar coefficients for elements such as y t t r i a ,  l a n t h a n a ,  and ce r i a .  When 
these experimental values were obtained, it vas found that the molar contribu- 
t i o n s   t o  Young's modulus of these elements were as great  or grea ter  than  the  
corrected  molar   contr ibut ion  for   beryl l ia .  
From t h e  new glasses of the magnesia-alumina-silica-rare earth family and 
the invert analog-rare earth glass system, eighty-seven of the compositions 
proved sui table  for  the production of mechanically-drawn f i b e r s  on a laboratory 
bas is ,  a l though th is  i s  not  the same as saying  tha t  they  a re  readi ly  f iber izable  
on a commercial sca le .  A t  th i s  t ime,  the  bes t  o f  these  UARL g lass  f ibers  has  
a Young's modulus of 19.8 mi l l ion  pounds per square inch. Another of these  
f i b e r s  which is  undoubtedly producible on a commercial scale judged from the 
viscosity-temperature relationships i s  UARL 344. This g l a s s ,  i n  t h e  f i b e r  s t a t e ,  
has a modulus of 18.6 mi l l ion  pounds per square inch, a spec i f i c  modulus of 
157 mill ion  inches,  and has already been produced in   quan t i t i e s   ' g r ea t e r   t han  
25 mi l l ion  l inea l  fee t  o f  0 .2  to  0 .4  mil diameter monofilament at r a t e s  up t o  
10,000 f t  per minute. 
Not only has %he UARL g las s  been studied as a monofilament, but it has 
been successfu l ly  incorpora ted  in  severa l  p las t ic  matrices.. The results of 
the  eva lua t ion  of these composites proved that a UARL 344 glass fiber-epoxy 
r e s i n  composite has a modulus 40 percent better than that  achievable  using the 
more common grade of competit ive glass f iber and 20 percent better than tha t  
obtainable with the bes t  ava i lab le  grade  of compet i t ive glass  f iber .  
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SUMMARY OF PATENT APPLICATIONS 
In connection with the contract  and i n  agreement with NASA procedures, 
four patent applications have been fi led and NASA waivers received on t h e  same. 
These applications are UARL code numbers R-1156, R-1333, R-1335 , R-1480 
respect ively.   Their  summaries a re  as follows: 
R-1156. Glass Compositions with A High  Modulus o f  E la s t i c i ty  
Summary of the invent ion.  - The glass compositions of the present invention 
comprise s i l i c a ,  alumina and magnesia together with at l e a s t  5% by weight of one 
or more uncommon oxides such as lanthana,  cer ia ,  or yttria. I n  some cases cer- 
ta in  o ther  g lass  forming  ingredien ts  may be  inc luded  in  the  formula t ion  e i ther  in  
the  na tu re  o f  pa r t i a l  subs t i t u t ions  o r  as addi t ions  to  the  bas ic  e lements .  
R-1333. Nontoxic Inve r t  Analog Glass Compositions of High Modulus 
Summary of the invent ion.  - The glass compositions of the present invention 
a r e  an inve r t  glass which, i n  t h e i r  p r e f e r r e d  form, comprise a combination of 
s i l i c a ,   t h e  monovalent oxide of lithium, two or more bivalent  oxides ,  at l e a s t  
one t r iva l en t  ox ide ,  and one or more te t rava len t  ox ides .  More p a r t i c u l a r l y ,  t h e  
glass compositions preferably comprise a combination of s i l i c a ,   t h e  monovalent 
oxide of lithium, two o r  more bivalent  oxides  selected from the group consisting 
of CaO,  ZnO,  MgO, and CuO, at l e a s t  one t r iva len t  ox ide  se lec ted  from the group 
consisting of Al2O3, Y2O3,  La2O3,  B20 , Sm203 and t h e  mixed ra re  ear th  oxides  
(which average out as a t r iva l en t  ox i Je )  and from 0-15 mol % of one or more 
te t ravalent  oxides  selected from the group consisting of Ce02, Zr02, and Ti02. 
It Wil be noted that  while  the glasses  are  comprised substant ia l ly  of only 
one a lka l i  ox ide  and a combination of alkaline earth oxides and t r i v a l e n t  and 
te t ravalent  oxides ,  the glass  composi t ions may a l so  conta in  cer ta in  addi t iona l  
minor amounts of  te t rava len t  or sesquivalent  oxides  or  f luorides  commonly employed 
i n   o p t i c a l  glass making such as tantalum pentoxide or tungs ten  t r iox ide .  
R-1335. Cordierite-Uncommon  Oxide Glasses  Containing  Beryllia 
Summary of the invention. - The glass compositions of the present invention 
generally comprise si l ica,  alumina, magnesia and beryll ia together with at l e a s t  
5% by veight  of one or more uncommon oxides such as lanthana,  cer ia ,  yttr ia,  
samaria, z i rconia  or mixed rare  ear th  oxides .  In  some cases  cer ta in  other  glass  
forming ingredients may be included i n  the  formula t ion  e i ther  in  the  na ture  of  
p a r t i a l  s u b s t i t u t i o n s  or as add i t ions  to  the  bas i c  e l emen t s .  In  all cases , 
hovever ,  beryl l ia  i s  present ,  when compared t o   t h e  uncommon oxides on a molal 






R-1480. High Modulus Inver t  Analog  Compositions  Containing Bery l l i a  
Summary of the invent ion.  - The glass compositions of the present invention 
preferably comprise a combination of s i l i c a ,  the  monovalent oxide of lithium, 
two o r  more bivalent  oxides ,  at least  one t r iva l en t  ox ide ,  and one or more tetra- 
valent oxides.  More particularly,  the glass compositions comprise a combination 
of s i l i c a ,   t h e  monovalent oxide of lithium, two or more bivalent oxides one 
be ing  be ry l l i a  and the others  being selected from the group consisting of CaO,  
ZnO, M g O ,  and CuO, at least  one t r imden t  ox ide  se l ec t ed  from t h e  group con- 
s i s t i n g  o f  A1203, Y203, La20 , B203,  Sm203 and mixed ra re  ear th  oxides  (which 
average out as t r i v a l e n t )  an2 from 0-12 mol % of one o r  more te t ravalent  oxides  
se lec ted  from the group consisting of Ce02, Zr02, and Ti02. It w i l l  be noted 
tha t  the  g lasses  are comprised of only one a lka l i  ox ide  and a combination of 
a lkal ine ear th  oxides  and t r i v a l e n t  and te t ravalent  oxides .  O f  course,  the 
glass compositions may conta in  cer ta in  addi t iona l  minor amounts of  te t rava len t  
or sesquivalent oxides of fluorides commonly employed i n  o p t i c a l  g l a s s  making 
such as tantalum pentoxide or tungs ten  t r iox ide .  
The glass compositions described have been made the  subjec t  of pa ten t  
appl icat ions f i l ed  by United Aircraft Corporation. Instruments of Waiver have 
been executed by the Administrator of the National Aeronautics and Space 
Adminis t ra t ion  for  the  invent ions  in  appropr ia te  cases .  
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